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ABSTRACT
The operation of a continuous wave (CW) optically 
excited far infrared (FIR) laser is examined and a new 
technique for improving the wavelength conversion 
efficiency of these lasers is considered.
The power absorbed by the molecules of such an FIR 
laser is normally quite low. The molecular absorption can 
be increased by changing the output frequency of the pump 
laser used so that the absorption can occur via stronger 
molecular transitions. To this end, a high power, tunable 
CC> 2 laser has been designed and constructed and its 
unconventional cavity design enables it to produce 5.5 W 
CW at 400 MHz from the line centre frequency, which is 
better, by an order of magnitude, than any previously 
reported output powers of a laser operating far from line 
centre.
496 ym laser action in methyl fluoride (CH^F) is
normally caused by the pump power being absorbed via
qQ(12,2) molecular transitions which are about 40 MHz from
the line centre frequency of the P20 CC>2 laser line at
9.55 ym. Using the C02 laser which has been developed, the
CH3 F molecules were made to absorb the pump power via
stronger, ^Q(12,3) transitions which are 170 MHz from the 
pump laser line centre frequency. This is the first time 
CW FIR laser action has been observed in CH3F via qQ(12,3) 
pump absorption and as a result there was an increase in 
both the FIR output power and the wavelength conversion
iii
efficiency. This shows that the efficiency of optically 
pumped lasers can indeed be increased by the higher pump 
absorption technique which is proposed.
iv
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1CHAPTER 1
INTRODUCTION
As the sources of coherent radiation in the far 
infrared (FIR) wavelength region between 20 ym and 1 mm 
are quite inefficient, the highest continuous wave (CW) 
powers produced are only a few 100 mW. For higher CW
output powers to be generated in this spectral range, the
operating efficiencies of FIR sources must be increased.
The work of this thesis is concerned with improving the
efficiency of one type of source, namely the optically 
excited (or optically pumped) FIR laser.
1.1 THE IMPORTANCE OF COHERENT CW FIR RADIATION
FIR radiation techniques are used in spectroscopy, 
radar modelling, secure military communications and 
isotope separation; in addition, they are particularly 
important for diagnostics in plasma physics research.
The method currently most favoured for obtaining 
controlled thermonuclear fusion power involves the
omagnetic confinement of high temperature (10 K)
20 -3deuterium-tritium plasmas at densities around 10 m . By
2propagating electromagnetic waves through such plasmas, 
the non-perturbing measurements of important plasma 
parameters such as particle densities and temperatures, 
fluctuation levels, etc. are possible. As we shall see, 
FIR radiation systems are almost essential for several of 
these measurements.
1) Plasma Density Measurements
When radiation of frequency w propagates through a 
plasma perpendicularly to the magnetic field B, with its 
electric field parallel to B, the refractive index y of 
the plasma is (HEALD and WHARTON,1965),
20). ,  /9u0 = (i - > ' (i.i)
U)z
where
“p = (nee2 /meeo )1/2 (1-2)
is the electron plasma frequency, ng is the electron 
density, e and me are electronic charge and mass and c Q is 
the permittivity of vacuum. From eqns (1.1) and (1.2), the 
refractive index of the plasma for this type of E-M wave 
with ü) > w (as only these frequencies can propagate) is 
determined by the electron density.
The condition for plasma transparency can be written 
as
n < = U32 (e m /e2)e c o e (1.3)
3where
nc = 1.11 x 1015.A-2 m~3 (1.4)
Some particular values of the cut off density nc for 
various wavelengths are given in Table 1.1.
Table 1.1
Cut off Density for Several Wavelengths
A(mm) 2 0.496 0.337 0.010
n (m~3) 2.8xl020 4.5xl021 9.8xl021 l.lxlO25c
By measuring the phase shift <j> suffered by an 
electromagnetic beam as it passes through a plasma, the 
change in refractive index can be determined. If << nc , 
the line integrated density along that chord of the plasma 
is obtained from
= 2.82 x 10“15. A .
where Z2~Zlf *s t*ie beam path length inside the plasma. 
From eqn. (1.5), we see that the phase change cj) increases
with A .
The particular suitability of FIR radiation for plasma 
interferometry arises from the need to limit refractive 
bending of the probing beam by electron density gradients 
(which is normally more stringent than ensuring nc > n0) . 
For an axisymmetric parabolic density profile, with a 
centre density nQ ,
2
ne (z)dz (1.5)
the maximum value of the refractive
4b e n d i n g  a n g l e  6 i s  g i v e n  t o  a good  a p p r o x i m a t i o n  by 
(SHMOYS, 1961)
6m = 8 . 9 7  x 1 0 - 1 6  n QX 2 ( 1 . 6 )
I f  we s e t  an u p p e r  l i m i t  f o r  6 by  r e q u i r i n g  t h a t  t h e  beam
d i s p l a c e m e n t  a t  t h e  vacuum window s h o u l d  n o t  e x c e e d  t h e  
d i a m e t e r  o f  t h e  beam,  we t h e n  r e q u i r e  t h a t  (v £R0N, 1969)
- 1 / 3
< 1 . 1 6  x 1 0 1 0 (Z n 2 ) o o m. ( 1 . 7 )
w h e r e  Zq i s  t h e  d i s t a n c e  o f  t h e  m e d i a n  p l a n e  o f  t h e  p l a s m a
t o  t h e  vacuum window.  From eqn  ( 1 . 7 ) ,  t a k i n g  Zq = 0 . 5  m 
20 —3and n Q = 10 m , f o r  a t y p i c a l  t o k a m a k ,  we r e q u i r e
X < 6 . 8  x 10 4 m. ( 1 . 8 )
A l o w e r  l i m i t  f o r  X i s  s e t  by  t h e  l e n g t h  s t a b i l i t y  o f  t h e  
i n t e r f e r o m e t e r  d u r i n g  t h e  o b s e r v a t i o n  t i m e  and by  t h e  
r e q u i r e d  p r e c i s i o n  o f  t h e  l i n e  d e n s i t y  m e a s u r e m e n t ,  s e e  
eqn  ( 1 . 5 ) .  Thus  CW FIR r a d i a t i o n  i s  i d e a l  f o r  s u c h  
i n t e r f e r o m e t r i c  p l a s m a  d e n s i t y  m e a s u r e m e n t .
2) P l a s m a  D e n s i t y  F l u c t u a t i o n  M e a s u r e m e n t s
C o l l e c t i v e  s c a t t e r i n g  o f  e l e c t r o m a g n e t i c  r a d i a t i o n  
f r om p l a s m a  e l e c t r o n s  c a n  be r e g a r d e d  a s  a t h r e e  wave 
i n t e r a c t i o n  i n  wh i c h  an i n c i d e n t  E-M wave o f  f r e q u e n c y  and 
wave v e c t o r  ( (joq , k Q) i n t e r a c t s  w i t h  e l e c t r o n  d e n s i t y  
f l u c t u a t i o n s  ( u'  , k ' )  t o  p r o d u c e  a s c a t t e r e d  E-M wave 
(u) s , k g ) a t  an a n g l e  0 g t o  t h e  i n c i d e n t  wave ( s e e  f i g u r e
51.1). The condition for maximum scattering is
k = k + k' (1.9)~s ~o ~
and assuming |k | « |k |, we obtain the Bragg relation of
k' = 1 k • I = 2ir sin (0 /2)/A (1.10)~ S O
Thus the scale length and propagation direction of any 
density fluctuations observed in a scattering experiment 
are determined by the choice of the collection angle (6S) 
and the incident radiation wavelength (XQ).
We define a quantity a, where
Scattering Scale Length _ \ .. ...
Debye Length D
with XD = (£o KB Te/e2 ne)1/2 m,
where Kß is Boltzmann's constant. When a > 1, the
scattered radiation contains information about the
collective motions of the electrons from cooperative 
plasma fluctuations. As the power scattered in a 
particular direction (given by eqn (1.9)) from the
coherent density fluctuations of a plasma wave can be much 
larger than that weakly scattered by thermal fluctuations, 
a low power CW laser can be employed as the scattering 
source instead of a high power pulsed system. The use of 
CW FIR radiation to measure the power spectra of these 
plasma waves minimizes refractive effects and permits 
large angle collective scattering (still keeping a > 1) 
which improves the spatial resolution obtainable.
P L A S M A
INCIDENT WAVE k
D E T E C T O R
Figure 1.1 . Diagram o f Scattering o f an 
EM Wave by a Plasma.
7Continuous FIR scattering experiments on tokamak plasmas 
have been undertaken by PEEBLES, et al. (1981) and LEE et 
al. (1982) to measure low frequency (5 kHz-1 MHz) density 
fluctuations (which are thought to adversely affect the 
plasma thermal insulation) and measure the propagation of 
waves externally launched in to the plasma (to investigate 
alternate means of heating the plasma).
1.2 SOURCES OF COHERENT FIR RADIATION
The sources which have produced coherent FIR radiation 
fall into three groups: (A) those formed by extending 
existing microwave technology, (B) those based on 
non-linear mixing techniques and (C) lasers. For each of 
these sources, both the output powers and the spectral 
coverage of the FIR region will be presented.
A. Extended Microwave Techniques
1) Microwave diode sources, including the impact avalanche 
transit time (IMPATT) and the tunnel transit time 
(TUNNETT) diodes, are efficient millimeter wave 
generators, and have been made to oscillate continuously 
at wavelengths down to 0.7 mm (423 GHz) producing 8 yW 
(see OHMORI et al., 1977). ELTA and HADDAD (1979) have 
estimated that these diodes can theoretically oscillate at 
wavelengths down to 0.5 mm. Thus, these FIR sources are 
restricted to CW powers of microwatts and pulsed powers of 
milliwatts, and wavelengths longer than 0.5 mm.
82) Backward wave oscillators (e.g. carcinotrons) , 
described in detail by KANTOROWICZ and PALLUEL (1979), can 
generate more than 1 W CW at a wavelength of 1 mm (CONVERT 
and YEOU, 1964) and less than 1 mW CW at 0.25 mm (GOLANT 
et al., 1969) .
3) Gyrotrons have produced CW FIR radiation of 1.5 kW at a 
wavelength of 0.92 mm (ZAYTSEV et al., 1974) and up to 
100 mW for wavelengths between 5.82 mm and 725 pm, as well 
as 2 pW at 488 pm (ROBINSON, 1973). Pulsed operation has 
been reported at 0.25 mm and 0.12 mm (NIKOLAYEV and 
OFITSEROV, 1974). Although gyrotrons are tunable sources 
of radiation with wavelengths greater than 1 mm (BRAND et 
al., 1982), their operation in the FIR region requires 
extremely high, super-conducting, magnetic fields and, so 
far, has been limited to only a few wavelengths.
4) The so-called free electron laser generates radiation 
by the interaction of a relativistic electron beam with a 
period magnetic field (see SPRANGLE et al., 1979). It is 
suitable only for pulsed operation, in which it has 
generated 1 MW at a wavelength of 0.4 mm.
B. Generation of Radiation by Non-Linear Effects
1) Coherent FIR radiation can be obtained by generating 
harmonics from millimeter wavelength radiation. TAKADI and 
OHMORI (1979) obtained radiation at wavelengths of 0.67 mm 
(447 GHz) and 0.51 mm (589 GHz), with CW powers of 0.12 mW
9and 1.7 yW respectively, by frequency tripling and 
quadrupling in a GaAs Schottky barrier diode. This 
technique can produce only weak radiation in the long 
wavelength region of the FIR spectrum.
2) FIR radiation can be produced at the difference 
frequency of two dye lasers or infrared lasers by mixing 
in a non-linear medium such as GaAs or LiNbO^ (see LAX et 
al., 1973 and YANG et al., 1973). This method can generate 
coherent FIR radiation with a wavelength anywhere between 
70 ym and 1 mm, with CW powers of the order of 1 yW and 
pulsed powers of 10s of mW.
C. Laser Sources
1) Gas discharge lasers, the most important of which is
the HCN laser (see, for example, BELLAND et al., 1975), 
are amongst the most powerful FIR radiation sources. As 
well as HCN, FIR laser action has been reported in such 
gases as H2^' D2^ an<3 (see STEFFEN and KNEUBUHL,
1968) . This group of FIR sources can produce CW powers of 
a few 100 mW and pulsed powers of tens of kW, but at only 
a few isolated wavelengths within the FIR spectrum.
2) 0ptically pumped sources produce coherent FIR radiation 
through the absorption of high powers, from a pump laser, 
by a molecule which then re-emits FIR radiation inside a 
resonant cavity. These sources can produce CW powers of a 
few 100 mW and pulsed powers of over 1 MW. Since they were 
first developed (CHANG and BRIDGES, 1970), FIR laser
10
action has been observed in many gases at hundreds of 
wavelengths which completely span the FIR spectrum, 
although not continuously (see CHANG, 1974, ROSENBLUTH et 
al., 1976 and GALLAGHER et al., 1977).
1.3 OUTLINE OF THESIS
Of these FIR sources, the optically pumped laser is 
perhaps the most versatile, allowing excellent coverage of 
the whole FIR wavelength range, however, the operational 
efficiency of these lasers is normally much less than 
theoretically possible, particularly in CW operation. The 
work described in this thesis is concerned with developing 
one way of improving their efficiency.
The operation of an optically pumped FIR laser is
described in Chapter 2 and a new method aimed at
increasing the absorption of the pump power , and so
improve the CW efficiency of these lasers, is proposed.
This technique requires the construction of a CO2 pump 
laser with a better output performance than any previously 
described. The various methods of constructing CC>2 lasers, 
capable of being tuned over a wide range, are reviewed in 
Chapter 3, where the final laser design is presented. 
Chapters 4 and 5, respectively, describe the construction 
and quasi-CW operation of the C02 pump laser, which is 
shown to be significantly more powerful over its tuning 
range than any other tunable CW C02 laser so far reported. 
The effectiveness of the proposed technique for improving
11
the FIR laser efficiency is studied in Chapter 6. Finally, 
in Chapter 7, methods of further improving the performance 
of both the C02 pump laser and the optically pumped FIR 
laser are considered.
12
CHAPTER 2
THE OPTICALLY PUMPED FIR LASER
2.1 INTRODUCTION
The first optically pumped FIR laser was reported by 
CHANG and BRIDGES in 1970. The lasing occurred when methyl 
fluoride (CH^F) was excited by lOym radiation from a C02 
laser. Since that time, FIR laser action has been reported 
on more than 600 lines using many different optically 
excited gases (see CHANG, 1974, ROSENBLUTH et al., 1976 
and GALLAGHER et al., 1977). The essentials of an
optically pumped FIR laser can be illustrated by examining 
the mechanisms involved in the CH^F laser, since much
experimental and theoretical work has been done on this 
laser and the spectroscopy of CH^F is well documented 
(see, for example, SMITH and MILLS, 1963, BREWER, 1970 and 
FREUND et al., 1974).
13
2.2 SOME SPECTROSCOPIC CONSIDERATIONS
Before discussing the CH^F optically pumped laser, it 
is necessary to understand certain details of the internal 
energy of simple molecules such as CH-^ F. Firstly, every 
molecule can have a number of modes of vibration with each 
mode having many energy levels. Secondly, each energy 
level of a vibrational mode has many rotational levels 
which are characterised by the total rotational quantum
number J which can be 0,1,2,3.... Thirdly, each J level
is divided into different energy levels characterised by 
the quantum number K (which is the projection of the 
molecular rotation on to the molecular dipolar axis) which 
can be 0, +1, ..., +J.
To illustrate and place into context the relative
magnitudes of these energy levels, we note that the energy 
difference between consecutive vibrational levels is 
typically between 0.03 and 0.4 eV and about 100 times the
energy difference between consecutive J levels, which in
turn is 1000 times the energy difference between
consecutive K levels.
For a symmetric top molecule such as CH^F, when the
molecule undergoes a vibrational transition its permanent 
dipole moment must change. When the change in dipole
moment is parallel to the direction of the molecular
dipole (a parallel vibrational band) , an accompanying
rotational transition must satisfy
14
AK 0 (2 .1)
and A J +1 if K=0 or Aj = 0,+l if K^O
and when the change in the dipole moment is perpendicular 
to the dipole direction (a perpendicular vibrational 
band), any rotational transition must have
AK = + 1 (2.2)
and AJ = 0,+1
(These selection rules assume that there is no
vibrational-rotational interaction, see HERZBERG ,1945,
and there are no collisions, see OKA, 1968) . For a
molecular transition which is purely rotational, i.e. 
there is no vibrational level change, the selection rules 
are those of eqn. (2.1).
The strength of a radiative transition between any two 
molecular energy levels (say, i and j) is proportional to 
the dipole moment matrix element |y . ^ | for that 
transition. These matrix elements are proportional to 
factors (Ajk) which depend on the values of J and K for 
the transition ; for a parallel band vibrational 
transition (with AK = 0) or for a purely 
rotational-transition they are as follows:
For a qR(J,K) transition (J->J+1 and K+K) ,
2 2= (J+ir - KZ
JK (J+l) (2J+1)
4
(2.3)
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For a ^Q(J,K) transition (J+J and K+K),
K2
AJK ” J(J+1)
For a ^P(J,K) transition (J-*J-1 and K-vK) ,
2 2
A = J  -  KJK J (2J + 1)
(2.4)
(2.5)
(The corresponding AJK factors for a i band vibrational 
transition are given in HERZBERG, 1945).
Specifically referring to the CH^F molecule, the 
relevant energy levels for optically pumped laser 
operation are outlined in figure 2.1. The near coincidence
of the energy of the P20 CO^ laser line (of the 9.6 ym
band) with the qQ(12,l) and qQ(12,2) transition energies
(of the lowest order stretching mode of the CH3F
carbon-fluoride bond, the v ^ mode) allows the selective
excitation of molecules to the v ^ = 1, J = 12 energy
level. (The =1 level can be considered initially 
thermally unpopulated). This selective excitation of 
molecules gives rise to 452 ym radiation (from transitions 
of the ground state from J =13 to the depleted J = 12), 
496 ym radiation (from transitions in the = 1 level 
from J = 12 to J = 11) and other radiation from the many 
cascade transitions in the v-^  = 1 energy level (for 
example, 541 ym radiation and 595 ym radiation). These 
radiative transitions are illustrated in figure 2.1.
J Rotational 
Levels
V3 Vibrational 
Levels
12 \  \  ^ »496 pm 0
io ^  ^ 5 4 1  3
= 1
9-55pm'\A*l
"y »^595pm
\  j 'V'-» 452 pm >)3 = 0
Figure 2.1. CH3F Molecular Energy Levels Relevant to FIR 
Optically Pumped Lasing.
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2.3 CHARACTERISTICS OF OPTICALLY PUMPED LASER ACTION
For an optically pumped laser molecule, the important 
energy levels are those which absorb the pump laser 
radiation and those which form the FIR lasing population 
inversion. In the case of the CH^F molecule, these levels 
are ( v3 =0, J=12), (v3 =1, J=12) and (v3 =1, J=ll) (if we
consider only 496 pm lasing). The output power produced by
an optically pumped laser depends on the interaction of
molecules in these energy levels 1) with themselves, 2)
with molecules in other energy levels, 3) with the
radiation fields propagating inside the FIR laser
resonator and 4) with the walls of the resonator cavity. 
Although a proper treatment requires a fully quantum 
mechanical model, it is simpler to outline the
significance and consequences of the important molecular 
interactions using a rate equation model.
A rate equation model of an optically pumped FIR laser 
assumes that the molecule undergoes two uncorrelated, 
population changing, single photon transitions, first 
under the influence of the pump field (at a rate W ) and 
second under the influence of the FIR coherent radiation 
(at a rate WFIR) • The model needs also to incorporate 
collisional population changing rates which may include 
vibrational-vibrational energy transfer rates, the
relaxation rate of the excited vibrational level ( r ) t 
rotation changing rates (Aj and AK) and velocity 
cross-relaxation rates (Av) . The model may also include 
the effects of molecular diffusion through the pump laser
18
beam. Most of the above processes are schematically 
illustrated in figure 2.2. Rate equation models for
continuous wave operation of optically pumped lasers have 
been presented by TUCKER (1974), HENNINGSEN and JENSEN 
(1975), De TEMPLE and DANIELEWICZ (1976) and KOEPF and 
SMITH (1978), and models for pulsed laser operation by 
TEMKIN and COHN (1976) and OKADA et al. (1982).
Although each of these models varies in complexity and 
mathematical approach, there are some important 
consequences for optically pumped laser performance common 
to all of them. One of the most important of these is the 
dependence of CW FIR laser gain on the ratio of the
vibrational relaxation rate ( r ) to the AJ collision
rate. The reason for this is that the AJ collisions
thermalize the populations of the J levels in the excited 
vibrational level (thus destroying the FIR population 
inversion) , while the r rate removes molecules from the 
excited vibrational level, thus preventing this
thermalization and preserving the population inversion. 
For positive FIR gain, we require
hvf f AJ < 1 (2.6)r
kb t
(where is the frequency of the FIR radiation and f is
the fraction of molecules contained in the upper
rotational FIR laser level in thermal equilibrium), see 
TUCKER (1974). These models also show that for low 
pressure operation, T is diffusion dominated, which in
19
Figure 2.2. A schematic diagram depicting the important interactions 
between energy levels which influence the efficiency of optical pumping.
20
t u r n m a k e s  t h e  C W  F I R l a s e r g a i n  v a r y  as t he i n v e r s e  of
t h e d i a m e t e r o f  th e l a s e r c a v i t y  a n d m a k e s t h e  g a i n
d e p e n d e n t  o n p r e s s u r e (see , f o r  e x a m p l e , De T E M P L E  a n d
DANIELEWICZ, 1976).
One other significant conclusion of these rate 
equation models is the importance of pump laser absorption 
and saturation on optical pumped laser performance. The 
models highlight that even at optimum pressure operation 
and with optimum cavity configurations, a substantial 
fraction of the pump laser power (up to 80%) may not be 
absorbed by the molecules, instead being dissipated in the 
laser cavity (see De TEMPLE and DANIELEWICZ, 1976). The 
weak absorption of the pump radiation by the molecules is 
a major limitation of the efficiency of CW optically 
pumped lasers. This point has been demonstrated 
experimentally by HODGES, TUCKER and HARTWICK (1976).
Certain FIR optically pumped laser processes 
(particularly two photon Raman transitions) can be 
predicted only by a quantum mechanical model. These 
quantum mechanical effects arise from the interactions of 
the pump laser field and the FIR laser field with each 
other and with the molecules. Quantum mechanical models of 
optically pumped laser operation have been presented by 
TEMKIN (1977), PANOCK and TEMKIN (1977) and De TEMPLE 
(1979) . These models predict two effects not previously 
determined by rate equation techniques.
21
Firstly, when the molecules are pumped off resonance, 
i.e. using the notation of figure 2.3, when 6^ =/ 0 , there 
are two FIR radiation frequencies where gain occurs: one
is at Sg = 0 which is at the molecular resonance line 
centre frequency predicted by the rate equation models and 
is the off resonance optical pumping described by 
FETTERMAN et al. (1972), while the other frequency is at 
<$s = 6p which is a two photon Raman resonance and is a 
purely quantum effect. This result has been verified many 
times experimentally (see, for example, WIGGINS et al., 
1978 and DROZDOWICZ et al. , 1978). Stimulated Raman
emission in an FIR laser requires a large pump field and 
so is almost always achieved only in pulsed operation, but 
it has been found to be more efficient at producing high 
powered pulsed FIR lasers than off resonance optical 
pumping.
The second effect predicted by the quantum mechanical 
models is the dynamic Stark or Autler-Townes effect. For 
resonant pumping (i.e. 6D = 0) with an intense pumping 
field, Ep the FIR laser gain will be peaked at two 
different frequencies which have <$s = +! 1^ 3 1 Ep/2fi . The 
frequency separation between these peaks, Ijj^glE /fi, is 
called the Rabi frequency. A rate equation model predicts 
no shifts in the frequency of maximum laser gain, for 
either resonant or non-resonant pumping.
A consequence of the assumption that the FIR laser 
transition is homogeneously saturated, made in most 
optically pumped laser models (both rate equation and
22
Energy E3 
Energy E2
--------3
/' \^ * E S ,ius 
------- 2
Ep ,ujp /~\y>
Energy E,
tu ij^ -E g  £1 fuu^- E3—E2
S p - i U p  - w 31 S s - ujs  w 32
Figure 2.3. The notation used when describing ce rta in  quantum
mechanical e ffe c ts .
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quantum) is the prediction that the FIR laser gain is 
spatially isotropic. This prediction is incorrect as most 
models fail to treat correctly the interaction of the FIR 
laser field with the thermal velocity distribution of the 
emitting molecules. In fact, the FIR laser gain is greater 
when the pump field and the FIR field propagate in the 
same direction than when the two fields propagate in
opposite directions (FELD and JAVAN, 1969, FELDMAN and 
FELD, 1972 and SELIGSON et al., 1977). This FIR gain
anisotropy exists regardless of whether the pump laser 
field is a travelling wave or a standing wave and is 
particularly evident when the pump laser frequency is
detuned from the absorption line centre frequency, but 
under most CW operating conditions the effect is not 
significant.
The maximum efficiency of converting pump radiation 
into FIR radiation for an optically pumped laser is given 
by the Manley-Rowe relation and is ^pUmp^^ FIR* For 
resonant absorption transitions, as suffered during CW 
operation and off resonant optically pumped pulsed 
operation, the theoretical maximum efficiency is
A /2 A_T_, because of saturation effects. In pulsed pump rIK
FIR optically pumped laser operation, stimulated Raman 
emission can be twice as efficient as off resonance 
optical pumping. In addition, Raman transitions create FIR 
laser pulses of the same duration as the pump laser pulse, 
whereas, the pulse lengths from resonant transitions are 
much longer (being determined by molecular collision
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rates). During continuous operation, quantum mechanical 
effects are not normally significant as the pump field is 
too small (although CW Raman laser action has been 
observed by WILLENBERG et al., 1980, in NH^ at a pressure 
of 400 mtorr), so the operating efficiency is critically 
dependent on the fraction of the pump laser power absorbed 
by the molecules and on certain collision rates
(particularly r and AJ of figure 2.2) which depend on 
the pressure and the cavity diameter.
The maximum theoretical operating efficiency of a CW 
optically pumped laser can be quite small if
^FIR >>  ^pump; For C02 PumPe<3 CH3F laser it is at
best 1%. The actual efficiency achieved can be orders of 
magnitude less than the theoretical maximum value. HODGES, 
FOOTE and REEL (1976) show that the operating efficiencies 
of CW optically pumped lasers are normally 10% or less of 
the theoretical maximum. This decreased efficiency is a 
result of the various limiting processes previously
discussed (low absorption, high AJ collision rate, low
T relaxation rate) . A number of ways of overcoming these 
limiting processes, thus improving the efficiency, have
been tried and these will be outlined. Further, a new 
method of improving the efficiency will be proposed and
expanded upon.
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2.4 IMPROVING THE CW OPTICAL PUMPING EFFICIENCY
It has been shown that weak absorption of pump 
radiation, strong thermalizing collision rates ( Aj) and 
slow deactivation rates ( r ) are the dominant processes 
limiting the efficient conversion of pump power to FIR 
power in a CW laser. The mechanisms affecting each of 
these three processes will be examined in detail and ways 
of improving the three limiting processes will be
described .
The AJ collision rate can for all practical purposes
be considered equal to the thermal collision rate ttAv ,^
where Av ^  is the homogeneous full line width. Av  ^ is
proportional to pressure (it is about 40 MHz torr-1 for
-1 - 1/2CH^F) and varies as T to T at a fixed pressure
(TOWNES and SCHAWLOW, 1955, p369). Thus, decreasing the
laser operating pressure will decrease the Aj collision 
rate accordingly. (Increasing the operating temperature at 
a fixed pressure will also decrease the Aj collision rate 
but this will increase the population of molecules in the 
normally unpopulated = 1 vibrational level).
The vibrational deactivation rate T is determined by 
a combination of wall collisions and molecular collisions. 
WEITZ et al. (1972) show that T for CH^F, f°r dimensions
of order 1 cm, is determined by molecular collisions at
pressures above 5 torr, but at the operating pressures
typical of CW optically pumped lasers (i.e. < 500 mtorr)
T is dependent on wall collisions and so is diffusion 
dominated. Thus under typical CW laser operating
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conditions, T can be increased either by decreasing the 
operating pressure or by decreasing the diameter of the 
laser cavity. Another method of increasing r , 
particularly when it is determined by molecular 
collisions, is by the addition of a buffer gas which can 
absorb vibrational energy through vibration-vibration 
energy transfer collisions. This technique has been 
studied by WEITZ and FLYNN (1973), using CH^F and various 
simple molecular gases as buffers, and by CHANG and LIN 
(1976) and LAWANDY and KOEPF (1980), who examined the 
enhanced performance of CW optically pumped CH^F lasers by 
the addition of buffer gases. CHANG and LIN found that a 
1:1 mixture of CH-^ F and C^H.^ increased the output power 
of the laser by up to 55% and nearly doubled the optimum 
CH^F operating pressure, while LAWANDY and KOEPF were able 
to double the output power by adding SF^ into the FIR 
cell, also doubling the optimum CH^F operating pressure. 
Thus the enhancement of T by the addition of a buffer 
gas can significantly improve the normal efficiency of a 
CW optically pumped laser, but even then the efficiency 
remains low.
The power absorbed by molecules in an FIR laser 
depends on 1) the existence of other losses in the laser 
cavity, 2) the pump power saturation rate of the 
molecules, 3) the strength of the molecular absorption 
line, and 4) the degree of coincidence between the pump 
laser frequency and the molecular absorption frequency.
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1) Cavity Losses
In a CW optically pumped laser, the fraction of the input 
pump power, P , absorbed by the laser medium is given by
Pabs
a
{ a + l) (2.7)
where a is the saturated coefficient of absorption per 
unit length of the FIR pump transition (it is fully 
defined later) and I is the cavity loss per unit length 
at the pump wavelength (it may include other molecular 
absorptions). For to be as large as possible, &
needs to be as small as possible. FIR laser cavity losses 
depend on optimum input coupling of the pump beam (usually 
focussed through a hole) , the pump beam diameter inside 
the FIR cavity, optimum output coupling of FIR radiation 
as well as maximum reflection of the pump beam at the FIR 
output coupler (see for example DANIELEWICZ et al., 1975)
and large waveguide diameters for low propagation losses 
or large diameter Fabry-Perot mirrors for low diffraction 
losses. KOEPF and McAVOY (1977) have outlined a number of 
low pump loss cavity designs, mainly for conventional FIR 
cavities.
2) Pump Saturation
The rate of saturation of the absorption transition is an 
important factor determining the amount of pump power 
absorbed by the FIR medium. The saturation of an 
inhomogeneously broadened transition, at frequency v is 
described by
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ao (v)_______
a(v) = (i + Ip/I^v))1^2 (2«8)
where a(V) is the a in eqn. (2.7), a (V) is the small 
signal absorption of the transition per unit length, Ig (V) 
is the saturation intensity and Ip is the circulating pump 
beam intensity. For a Doppler broadened transition like 
the CH^F pump transition at CW operating pressures, it can 
be shown that (TOWNES and SCHAWLOW, 1955, p342 and YARIV, 
1967, p210)
ao (V) [N1<32 - M g ]  8 !P121 2 9 (V-V ) (2.9)3 he
and (TUCKER, 1974, and CHRISTENSEN et al., 1969),
________ 3h2c___________ 1
Is<V) = 81,31*2*1 + txg2] |P12I2 g<v-vo) (2.10)
where N^ is the density of molecules in the ground state 
of the absorption transition (g^ is the degeneracy of that 
state), N2 is the density of molecules in the upper level 
(g2 is that state's degeneracy), dipole 
moment matrix element between the two energy levels (given 
by TOWNES and SCHAWLOW, 1955, eqn. (1-62)), t^ and t2 are 
the lifetimes of the lower and upper states respectively 
and g(v - v ) is the normalised Gaussian lineshape for the 
Doppler broadened transition, which is given by (YARIV, 
1967, p.211)
g(v- vQ) ln2TT
1/2
exp
”4In 2 (v-v )
AVr,?
2 _
(2.11)
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where Avß is the full Doppler width given by
2vo
2K_T ln2L-V- 1/2 (2.12)
Here M is the atomic or molecular weight.
From eqns. (2.7) and (2.8), pa)3S is maximised when
I ( v )  is as large as possible. Of particular importance
are the ways the t^ and t2 lifetimes in eqn. (2.10) vary
with pressure. WEISS (1976) and DEVIR and OPPENHEIM (1976)
have studied, both theoretically and experimentally, pump
absorption saturation in a number of molecules, but
principally CH^F. There are two main results of this work:
firstly, at pressures below 100 mtorr (of particular
interest for CW laser operation) Ig (v) has a quadratic
pressure dependence, and secondly, for pressures between
about 100 mtorr and 1 torr and pump intensities higher 
_2than 10 W cm , diffusion of molecules through the pump 
beam effectively increases the value of Ig (v) in
theoretical absorption calculations. Estimates of Ig (v )
for the qQ (12,2) transition of CH3F have been made by
HODGES and TUCKER (1975) and HODGES, TUCKER and HARTWICK
(1976), in the pressure region less than 100 mtorr, who 
both obtained
I (v ) » 6 xlO2 W cm-2 torrs' o (2.13)
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It should be noted that, just as strong pump
saturation lessens the pump power absorbed, strong FIR 
laser transition saturation lessens the FIR laser output
power created. Hence, to obtain a high FIR laser power, it 
is necessary to have both Ig pUmp and Ig FIR as high as 
possible - at pressures less than 100 mtorr, both these 
parameters increase with pressure, but so does the rate of 
AJ collisions and at too high a pressure the laser gain 
falls to zero.
3) Absorption Strength
The small signal absorption aQ (V), given in eqn.(2.9), 
can be improved by increasing the number density, , of 
molecules in the particular (J,K) rotational level of the
ground state of the absorption transition. This can be
achieved to a point by decreasing the temperature of the 
FIR molecules (see WALZER, 1983). By decreasing the 
operating temperature from 23°C to -30°C, WALZER and TACKE 
(1980) increased the output power of a CW CH^F laser by a 
factor of 3.5; the value of the optimum operating pressure 
decreased when the temperature decreased.
From eqn.(2.9), aQ (v ) is proportional to |y ^ 2 I 2 which 
in turn depends on the value of K of the absorption 
transition. A new method for increasing the power absorbed 
by FIR molecules, proposed here, is to increase by
making the pump laser frequency coincide with a 
neighbouring absorption transition having a different K 
value. For a ^Q(J,K) transition, which is the type of pump
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otransition of the CH^F laser, aQ is proportional to K
(see eqn 2.4). Using the values given by HODGES, TUCKER 
and HARTWICK (1976) for a0 (vQ) of the qQ(12,2) CH3F
transition and for the Doppler width at room temperature 
for the CH^F molecule (i.e. 4.5 m  ^ torr  ^ and 66 MHz,
respectively) and deriving the frequencies of other
qQ(12,K) transitions for CH^F from the data of FREUND et 
al. (1974), a graph of the predicted absorption of CH^F 
molecules versus frequency offset from the P20, 9.6 ym
band, CO2 laser line has been determined (see figure 2.4). 
The enhanced absorption of the qQ(12,3) line is due to the 
increased statistical weights of energy levels, in the
symmetric top CH^F molecule, with K a multiple of 3 but
not zero (see TOWNES and SCHAWLOW, 1955, p72). The
qQ(12,K) absorption spectra of the band of CH^F
obtained by SATTLER and SIMONS (1977) verify the predicted 
absorption strengths shown in figure 2.4.
If the C02 laser line could be made to coincide with 
the qQ(12,3) transition (about 170 MHz away from the C02 
line centre), the expected power absorbed might be 4.5
times that absorbed by the qQ(12,2) transition (from their 
respective strengths in figure 2.4). However, although otQ 
varies as K^, from eqn. (2.10), Ig is proportional to K 
thus the qQ(12,3) transition will saturate faster than the 
qQ(12,2) transition. Thus a more careful calculation is
necessary to determine how much more power is absorbed by 
the qQ(12,3) transition than the qQ(12,2) transition.
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From HODGES, TUCKER and HARTWICK (1976) , a is
4.5 irT1 torr 1 ,and Ig is 6 xlO 3 -2J W cm * _otorr
0
for the
qQ(12,2) transition. From these values, we determine that
for the qQ(12,3) transition, a is 20.3 m_1 torr'1 and I  ^ « s
is 2.67 xlO3 W cm 2 - 2torr . If we assume
0
a value for P
0
(the input pump power) , V (the volume c>f the FIR laser
molecules) and £ (the cavity losses apart from the
absorption of the pump transition), then using the
technique outlined in Appendix A the predicted powers
absorbed by the ^Q(12,2) transition and qQ (12,3)
transition can be calculated and compared.
In figure 2.5, the fraction Pabs/PQ , for both
transitions, is plotted for operating pressures between
10 mtorr and 100 mtorr, at a constant value of P ando
With two values of t . In figure 2.6, the same fraction 
Pabs^Po' ^or ^oth transitions, is plotted from 10 mtorr to
100 mtorr, at a constant value of £ and two values of
V (It is assumed for this pressure region that Xs
scales as the square of the pressure, as verified by
WEISS, 1976). From these graphs, we see that the greatest 
pumping efficiency (that is the largest Pabs/PQ) occurs 
for £ as small as possible, for Pq small and for large 
operating pressures. Further, in the pressure range for CW 
optically pumped lasing (i.e. between 10 mtorr and 
50 mtorr) pumping the CH^F molecules via the ^Q(12,3) 
transition can make them absorb 50% more power than via 
the (12,2) transition.
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Figure 2.5. A comparison between the estimated powers absorbed 
by the ^Q(12,2) and ^0(12,3) transitions versus CH3F pressure,
for two values of cavity loss.
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Figure 2.6. A comparison between the estimated powers absorbed 
by the ^Q(12,2) and ^Q(12,3) transitions versus CH3F pressure, 
for two values of input pump power.
36
As this particular technique of increasing molecular 
absorption is applicable to molecules which absorb on any 
Q rotational transition of a parallel vibrational band, it
can be used to improve the iefficiency of many of the FIR
laser lines which have been observed. From CHANG (1974)
and HENNINGSEN (1977) , if the polarization of the FIR
laser line is perpendicular to the polarization of the
input pump laser beam, then the pump power is absorbed by
that molecule via a Q rotational transition (whether it is 
a parallel or a perpendicular vibrational band). Of the 
FIR laser lines listed by ROSENBLUTH et al. (1976) alone, 
there are 50 FIR lines for symmetric top molecules (with 
as many again for weakly asymmetric molecules) which have 
Q absorption transitions, and of these, all the ones which 
have parallel vibrational transitions can be made more 
efficient by using a higher K absorption transition.
4) Frequency Coincidence
The occurrence of optically pumped laser action 
normally relies on the chance coincidence between the 
output frequency of a strong laser line and a particular 
molecular absorption frequency. Normally, the extent of 
this frequency coincidence is determined by the Doppler 
width of the absorption line (66 MHz FWHM for CH^F at room 
temperature) and the tuning range of the pump laser from 
the line centre frequency (which is about + 50 MHz for a 
C02 laser with an operating pressure of 20 torr) . This is 
especially true for CW optically pumped lasing, but these
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conditions are relaxed for pulsed lasing as large pump 
beam intensities can produce off-resonant optically pumped 
laser action (for example, via Raman emission). It is, 
however, possible to extend the normal frequency
coincidence between the pump laser line and the molecular 
absorption transition by either i) Stark tuning the 
molecular transition or ii) designing the pump laser to 
have an increased frequency tunability.
i) Stark Tuning of Absorption Transition:
The energies of molecular sublevels, and hence their 
absorption spectra are changed when molecules are 
subjected to electric fields. When a symmetric top 
molecule in an energy level (J,K) is subject to an 
electric field E, this single energy level is split into 
(2J+1) energy levels, each specified by (J,K,M) where M is 
an integer between +J and -J, and, to first order, the 
energy shift of each level from the original (J,K) energy 
level is given by
- yM K E/J (J + 1) (2.14)
where y is the permanent electric dipole moment of the 
molecule. A radiative transition between levels must 
satisfy the additional requirements that
Am = 0, for the Stark field // to the radiation field 
or (2.15)
AM = +1, for the Stark field i to the radiation field
Thus, when a molecule is subjected to an electric field
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large enough, the energy difference between appropriate M 
sublevels can be made equal to the energy of the pump 
laser radiation, so creating enhanced absorption. In this 
way, FETTERMAN et al., (1973) generated CW FIR optically
pumped lasing in NH^ and CLASPY and K00 (1976) observed
the enhanced absorption of a particular C02 laser line by
c h 3o h .
The consequences of Stark effects on the operation of 
a CW CH^F optically pumped laser have been examined by 
TOBIN and JENSEN (1977), INGUSCIO et al., (1979) and 
INGUSCIO et al., (1980) for electric fields up to 
200 kV m-1. These studies show that there is an increased 
lasing efficiency at fields of 10 kV m_1 for AM = + 1 pump 
absorption transitions. In order to make the ^Q(12,3) CH^F 
transition coincide with the C02 P(20) line centre ,
INGUSCIO et al., (1976) have calculated that electric 
fields in range of 800 kV m  ^ to 1.5 MV m  ^ would be 
necessary; however, such fields would cause electrical 
breakdown in the CH^F (see BIONDUCCI et al., 1979), thus 
enhanced absorption by Stark tuning the ^Q(12,3) 
transition is not practicable.
There are three serious limitations of the Stark 
tuning technique to generating high power optically pumped 
FIR laser radiation. Firstly, the Stark effect splits each 
energy level into (2J + 1) sublevels, which have little or 
no collisional coupling (see INGUSCIO et al. , 1979 and
SHOEMAKER et al., 1974) and so, at high enough electric 
fields, the FIR laser gain of each sublevel can be much
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less than the gain of the originally unperturbed energy
level. Secondly, large electric fields, to avoid
breakdown, require small electrode spacings which then
prevent large volume excitation of the molecules to be
optically pumped and which increase the FIR laser cavity 
losses. Thirdly, the Stark electrodes in a laser cavity 
cause polarization dependent propagation losses in both 
the input pump laser beam and the internal FIR laser 
field, as shown by BIONDUCCI et al., (1979).
ii) Frequency Tuning of the Pump Laser:
As will be described in Chapter 3, the frequency range 
over which laser action can occur increases with the 
operating pressure of the laser, but not indefinitely, as 
increasing the pressure will also decrease the laser gain. 
Further, when the frequency of the laser is detuned from 
the line centre, the laser gain decreases which causes the 
output power of the laser to decrease. The useful tuning 
range of the pump laser of an FIR cavity is then that 
frequency range where its output power is above the 
threshold power level needed for optically pumped laser 
action to occur (normally this is about 2 W).
Pump tuning experiments have been conducted by EVANS 
et al., (1980) and IOLI et al., (1980) and the best single 
line, single mode operation attained has been 6 watts at 
the line centre and about 1 watt at + 100 MHz from line 
centre. Unfortunately, these operating conditions are 
insufficient to produce FIR laser action in CH^F via the
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^0(12,3) absorption transition, as this is almost 200 MHz 
from the pump laser line centre frequency.
The full potential of pump laser tuning for improving 
molecular absorption has yet to be realized. The tuning 
experiments reported to date have used C02 waveguide 
lasers which do not produce high output powers during 
single line, single mode operation when frequency detuned 
from line centre. For pump tuning to realize its 
potential, some new, higher powered C02 pump laser, 
capable of large frequency tuning, was required. The 
development of such a CC>2 laser constitutes part of the 
work of this thesis.
2.5 DISCUSSION
The nature of an optically pumped FIR laser has been 
described in detail, illustrated by the CH^F laser, and it 
has been shown that the operation of these lasers can be 
quite inefficient. One of the limitations affecting the 
operating efficiency of a CW optically pumped laser is low 
pump power absorption, which for CH^F can be increased by 
absorbing the pump power via ^Q(12,3) transitions (instead 
of the normal ^Q(12,2) transitions).
The use of higher K transitions to enhance the 
absorption by molecules will enable the efficiency of an 
optically pumped FIR laser to approach its theoretical 
maximum value, but this technique can be achieved only by 
the construction of a new type of C02 pump laser which 
must produce tens of watts at least 200 MHz from the laser
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line centre frequency. For an optically pumped laser to 
produce a CW output power of 1 W is, generally speaking, 
one order of magnitude beyond current technology and would 
require FIR laser operation at maximum possible efficiency 
and input pump powers of the order of 100 W. The C O l a s e r  
developed by this research is indeed capable of the 
requirements necessary for 1 W CW FIR laser action.
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CHAPTER 3
THE DESIGN OF THE C02 PUMP LASER
3.1 INTRODUCTION
In order to improve the CW optical pumping efficiency 
by using higher K absorption transitions we require a CW 
C02 laser capable of producing at least 10 watts at a 
frequency 200 MHz from the laser line centre. In this 
chapter, we consider the design requirements of such a 
widely tunable, high power C02 laser.
In section 3.2, we discuss the dependence of the 
tuning range of a laser upon its operating pressure, while 
the designs of various C02 lasers capable of CW operation 
at high pressures are reviewed in section 3.3. In section 
3.4, a number of laser tuning techniques to obtain single 
line, single mode operation are examined, and finally, the 
overall design of the CC>2 pump laser will be considered in 
section 3.5.
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3.2 PRESSURE DEPENDENCE OF THE LASER TUNING RANGE
The frequency range over which laser action can occur, 
is that within which the unsaturated laser gain is greater 
than the laser cavity losses. If we assume a homogeneously 
broadened molecular line, the dependence of the 
unsaturated, small signal gain (gQ ) on frequency (V) is 
given by
90 (v)
-1
g (v ) ^o v o' 1 +
4 ( v — v ) o
A 2 Av,
(3.1)
where v is o the centre frequency of the molecular line and
is the full line width at its half-maximum. Using
eqn. (3.1), it is possible to show that the frequency
offset from line centre, |v - v |, 
oscillation ceases, is (DEGNAN ,1974)
which laser
Av,
lvc - vo'
g0 (vo)L
-  1
L- In ( /r1r2)-1
(3.2)
Here L is the length of the laser gain medium and r^ and 
r2 are the effective reflectivities of the two mirrors 
(which include any internal cavity losses) . DEGNAN has 
also given an approximation for Av ^ , which is
A v h = 7.58 {(J*c0 +0.73 i|> N +0.6 ij> He} p ( 300/T) 1/2 MHz (3.3)
where i|j is the fraction of the gas x, p is the total 
average pressure in torr and T is the absolute temperature 
of the gas. (A similar expression for Av^ has been given 
by ROBINSON and SUTTON, 1979).
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From eqns. (3.2) and (3.3), we can see that the 
frequency tuning range of a laser increases with the 
operating pressure, but not indefinitely, as 90 (v 0) will 
eventually decrease with pressure and this, as DEGNAN 
(1974) points out, restricts the tuning range. The 
increase in laser tunability with pressure has been shown 
experimentally by ABRAMS (1974) who was able to tune the 
laser frequency, of a waveguide C02 laser operating at 260 
torr, almost 500 MHz from the line centre frequency.
Since the tunability of a laser depends not only on 
the operating pressure but on both the small signal gain 
at that pressure, and the cavity losses, it is hard to 
specify an operating pressure which would allow any design 
of C02 laser to be tuned 200 MHz from line centre. We 
can, however, use as a guide the pressure necessary to 
make Av^/2 equal to 200 MHz, which is about 100 torr. 
Thus, for a laser to be tuned 200 MHz from its line centre 
frequency, its operating pressure would need to be at 
least 100 torr.
3.3 A REVIEW OF CW HIGH PRESSURE C02 LASERS
A great deal of work has been done on the design and 
operation of high pressure C02 lasers, because of their 
high output power capabilities. An outline of the various 
types of CW high pressure C02 lasers is presented in 
figure 3.1. These have been broadly divided into the two 
groups of (A) discharge lasers and (B) non-discharge
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HIGH PRESSURE C02 LASERS
Discharge Non-Discharge
Arcing Instability Gas Dynamic Mixture
Enhanced Cooling Discharge Uniformity
Convective Diffusive Flow Conditioning Ionization Augmentation
Fig. 3.1
The different methods of producing high pressure 
Co2 laser action
46
lasers, and the operation of the lasers belonging to each 
group will be examined in detail.
A. Discharge Lasers
Self sustained gas discharges in C02 lasers have been 
theoretically modelled and examined experimentally many 
times (see GORDIETS et al., 1968, WIEGAND et a l ., 1971, 
FOWLER, 1972, HAAS, 1973, WIEGAND and NIGHAN, 1973,NIGHAN 
and WIEGAND, 1974 and BLETZINGER et a l ., 1975). When these 
discharges are operated at high pressures and high power 
densities, discharge constrictions can occur which lead to 
arc formation. This arc formation has been shown by NIGHAN 
and WIEGAND (1974) to be critically dependent on the gas 
residence time within the discharge and on the average 
electrical power density of the discharge. Hence arc 
formation represents the major limitation in increasing 
the maximum power density sustained in a discharge. As 
arcs are generated by a thermal instability in which 
non-uniform increases in the discharge temperature cause 
the discharge current to increase which in turn increases 
the discharge temperature, maximizing the thermal 
conductivity of the gas within the discharge reduces the 
formation of arcs. Increasing the thermal conductivity of 
the discharge also increases the laser gain (see FOWLER,
1972) .
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There are two main methods of suppressing arc 
formation in high pressure CO2 laser discharges. The first 
is to enhance the discharge cooling, either convectively 
by using fast gas flows, thus decreasing the time that the 
gas molecules remain in the discharge, or diffusively by 
using capillary bore discharge tubes, thus allowing more 
collisions with the discharge tube walls. The second means 
of suppressing arcs is by generating greater discharge 
uniformity and so inhibiting the growth of the density and 
temperature non-uniformities which cause arcs to form. 
This last suppression method can be accomplished by flow 
conditioning or by augmentation of the discharge 
ionization.
i) Enhanced Cooling
Fast flow convective cooling was employed in a number 
of early CW CC>2 lasers (for example, TIFFANY et al., 1969 
and DEUTSCH et al., 1969). Lasers which could operate at
pressures up to 100 torr and which could produce output 
powers of the order of 100 watts, have been constructed 
using this technique.
The use of capillary bore discharge tubes, to
diffusively enhance the cooling, has given rise to the 
large family of C02 waveguide lasers. The properties of CW 
CC>2 waveguide lasers have been outlined by BRIDGES et al.,
(1972) , BURKHARDT et al., (1972), ABRAMS and BRIDGES
(1973) , ABRAMS (1974) and COHEN (1976). They show that
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these waveguide lasers have been operated at pressures in
excess of 400 torr, this type of laser can have gains and
saturation intensities greater than 2.5% cm 1 and 
_26000 W cm , respectively, and it is possible for
waveguide lasers to be tuned over a 1 GHz frequency range. 
CARTER and MARCUS (1979) achieved a multi-line, multi-mode 
output power of 39.5 W by joining seven 12.7 cm long 
discharge tubes together, while IOLI et al., (1980) have 
generated, in a single line, single mode operation, 6.5 W 
at line centre and 1 W at 100 MHz from the line centre 
frequency.
ii) Discharge Uniformity
The fluid dynamic mixing of the discharge gas by
introducing turbulence has been shown by WIEGAND and
NIGHAN (1975) to increase both the electrical power
density in the discharge and the operating pressure of the 
discharge, without the onset of arcing. By using vortex 
generators and expansion nozzles to generate turbulence, 
HILL (1971) and BROWN and DAVIS (1972) constructed uniform 
discharge C02 laser amplifiers which could operate up to 
100 torr and generate more than 20 kW of continuous power, 
with a cavity design that required the gas flow to be 
perpendicular to the laser beam axis. The design of GIBBS 
and McLEARY (1971) and McLEARY and GIBBS (1973) allows the 
gas flow to be co-linear with the laser cavity axis. This 
method generates turbulence in the laser discharge by 
forcing the gas through narrow annular gaps at the
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upstream electrodes, thus introducing large radial 
velocities. Using this type of flow conditioning, 
continuous C02 laser action has been obtained at 
atmospheric pressure producing 500 W output powers. By 
using the method of GIBBS and McLEARY but making the gas 
flow perpendicular to the laser cavity, COHN (1975) 
constructed a CW C02 laser with an output power of 210 W 
at 50 torr operating pressure.
A second method of improving discharge uniformity, 
often used in conjunction with flow conditioning, is to 
augment the electrical discharge with another ionization 
source so that the ionization process is less dependent on 
the discharge electric field. The use of RF power to 
stabilize the closed cycle operation of high power C02 
lasers has been demonstrated by ECKBRETH and DAVIS (1972) 
and BROWN and DAVIS (1972). The injection of pre-ionized 
gas to obtain more uniform discharges was employed by 
McLEARY et al. , (1974), CRANE et al.,(1976) and MATSUSHIMA
et al., (1978). The injection of an easily ionized seed 
gas such as tri-n-propylamine creates more uniform 
discharges (see APP0LL0N0V et al . , 1979), although to date 
this technique has been used mainly in pulsed laser 
operation. Ionization augmentation can be used for 
discharges both co-linear with and perpendicular to the 
cavity axis and has resulted in CW laser action of a few 
watts at atmospheric pressure, as well as over 200 W CW at 
operating pressures of 100 torr.
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B. Non-Discharge Lasers
There are two main types of CW CO^ lasers which are 
capable of operating at high output powers and high 
pressures but which do not rely on an electric discharge 
to excite directly the CO molecules in the laser gas 
medium. These two classes are the gas dynamic laser and 
the mixing laser. A third type of non-discharge CC^ laser 
is one which is optically pumped by an HF or HB laser. 
However, operation of optically pumped CC^ lasers at high 
pressure has been achieved only in microsecond pulses.
In the C02 gas dynamic laser a population inversion is 
created between the two laser vibrational levels of the 
C02 molecule by rapid adiabatic cooling (a method first 
suggested by HURLE and HERTZBERG (1965) to create 
population inversions in Xe). The processes involved are 
outlined by BASOV et al. , (1968), ANDERSON Jr. (1970) and
AVIZONIS et al., (1973); they entail forming a mixture of 
C02 and N 2  at high temperature and high pressure and then 
passing this mixture through a supersonic nozzle which 
freezes the gases - the lower CO2  laser level is 'frozen 
out', but the upper level is kept populated by the 
resonant C02 - N2 vibrational energy transfer, thus 
creating a laser population inversion. GERRY (1970), LEE 
and GOWEN (1971) and LEE et al., (1972) have shown that CW 
gas dynamic lasers normally operate at pressures less than 
100 torr and can produce output powers in excess of 
3.6 kW. According to CHRISTIANSEN and TSONGAS (1971), the
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gas dynamic laser operating pressure can be increased to 
almost an atmosphere if the stagnation pressure of the 
laval nozzle is greater than 150 atmospheres.
The second type of C02 laser not relying on direct 
excitation of the C02 molecules by an electric discharge
IS the mixing laser which uses the almost resonant 
vibrational energy transfer between certain excited 
molecules, such as n 2, HB, HF and d 2, and cold C02 
molecules to produce a population inversion and consequent 
laser action. The excited molecules are generated by an 
external energy source (such as heat, electrical
discharge, chemical reaction, or RF discharge) and are 
then mixed with the CO., molecules, often using flow
conditioning or gas dynamic techniques, before entering 
the laser cavity. Some examples of CW C02 mixing lasers
are given by BROWN (1970), BRONFIN et al., (1970), POEHLER
and WALKER (1972), BORGHI et al., (1973), STREGACK et al., 
(1975) and McLEARY (1983). These lasers have produced, in 
single mode operation, up to 2 kW of output power at 
operating pressures of 50 torr.
Summary
From the previous section (3.2), it was estimated that 
for the frequency of a CO., laser to be detuned from the 
line centre frequency by 200 MHz, the operating pressure 
of the C02 laser would need to be at least 100 torr. Of 
the types of C02 lasers examined, a number are able to
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operate at pressures between 100 torr and 1 atmosphere, 
but of these, only two types have the gas flow co-linear 
with the laser cavity axis - the waveguide laser and the 
laser described by McLEARY and GIBBS (1973) .
For our requirements, the co-linearity of gas flow and 
laser axis, although not essential, was deemed desirable 
in order to make the laser discharge gain as axisymmetric 
as possible. For the two types of laser with this 
co-linearity, the waveguide laser was considered 
unsuitable because of the low powers generated in single 
line, single mode operation. (The threshold C02 laser pump 
power to generate laser action in a CH^F FIR cavity, via 
the ^Q(12,2) transition, has been found experimentally to 
be between 2 watts and 2.5 watts, depending on which FIR 
laser cavity mode was excited.) Thus, the CC>2 laser 
discharge design considered most compatible with the 
requirements for high power, tunable pump laser operation 
was that of McLEARY and GIBBS (1973).
3.4 LASER TUNING TECHNIQUES
This section deals with various means of frequency 
tuning the output of a CC>2 laser cavity, with particular 
attention to the applicability of incorporating these 
techniques into a high pressure, high power laser cavity. 
For convenience, we shall examine these tuning methods in 
two categories: single C02 laser line selection and cavity 
mode selection.
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Single C O L a s e r  Line Selection
The gain of the CO^ laser is such that lasing can 
occur on more than 100 different transitions, at
wavelengths between 9 ym and 11 ym (see KRUG, 1982). The 
frequency separation between consecutive CO 2  laser lines 
varies from 30 GHz to 60 GHz depending on the type of 
molecular transition (see CHANG, 1970). A few methods have 
sufficient tuning resolution to select one such laser 
line, while suppressing all others. These are diffraction 
gratings, intracavity etalons and intracavity absorption 
cells. (A prism does not have sufficient tuning resolution 
for single line selection, as demonstrated by WOOD and 
SCHWARTZ (1967), but can be used to improve the resolution 
of diffraction gratings as described by ALCOCK et al., 
1973) .
By far the most common method of single line selection 
for a CO 2  laser is the use of a diffraction grating. 
Blazed diffraction gratings, for use at a particular 
wavelength, can have efficiencies of up to 96% (PTR ML 
grating specifications and KRUG, 1983), but when gratings 
are used in a high pressure, low gain CO 2  laser cavity, 
they can cause an order of magnitude decrease in the laser 
output power as observed by EVANS et al. , (1980). The 
major loss caused by a blazed grating in the Littrow 
configuration is the radiation diffracted into its zeroth 
order instead of the first order. The use of the zeroth 
order of the grating as a laser's output coupling can
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improve the operating efficiency of the laser (see HARD, 
1970), but this limits control of the output coupling 
coefficient as shown by GERMAN (1979).
Another 'method for single CO^ laser line selection is 
the use of an intracavity etalon. By tilting a single 
intracavity etalon, DANEU (1969) was able to select any 
one of the CC>2 laser lines. This technique requires the 
use of etalons with moderate to high finesse, which 
lessens the throughput transmission (see Burleigh 
Instruments Tech. Memo. FP140-475), and with free spectral 
ranges of a few thousand GHz, which means the etalon must 
be only tens of pm thick. In addition to the absorption 
loss of the etalon material and the scattering loss from 
coating and surface imperfections, intracavity etalons 
introduce a loss if they are tilted which, as LEEB (1975) 
shows, may be quite significant.
The final method for single C02 laser line selection 
considered here is the use of specially selected absorbing 
gas(es) in an intracavity absorption cell. There can be 
two problems with line selection by this technique: 
firstly, the range of C02 lines able to lase may be quite 
limited (as shown by KARLOV et al.,1968, using a boron 
trichloride filter) and secondly, the absorbing gas(es) 
can introduce losses even at the laser frequency selected. 
A variant of the absorption selection technique is to 
choose gases which suppress as many unwanted lines as 
possible while introducing no loss at the frequency of
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interest. This method normally allows a small group of 
lines (around the one required) to lase and so an 
additional means, such as an etalon, is required to select 
the single line required. The advantage of this method is 
that the absorbing gases introduce no loss at the required 
laser line and the additional selection optic has to 
select one laser line from only a few, thus reducing its 
required finesse and free spectral range. In this way, 
O'NEILL and WHITNEY (1975) and HARRIS et al., (1976) 
obtained single line laser action in pulsed CC>2 lasers 
operating at 15 atmospheres.
To assist in the selection of the appropriate 
absorbing gases for suppressing unwanted laser lines, 
Appendix B cites references for over 20 gases, which the 
author considers suitable. Of the many gases which have 
been used for line selection in C02 lasers, Appendix B 
contains only those which have very weak absorption in at 
least one of the four C02 laser bands (i.e. the R and P of 
9.6 pm and the R and P of 10.6 pm). For each gas in 
Appendix B, there are references giving the gas' relevant 
usage, its infrared spectrum and, where possible, the 
absorption coefficients at C02 laser line frequencies.
For maximum tunability in a high pressure C02 laser, 
the intracavity losses must be minimal and the output 
coupling coefficient must be controllable. For these 
reasons, the most appropriate method to select single line 
C02 laser action is an intracavity absorption cell in
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conjunction with a low finesse etalon instead of the more 
conventional diffraction grating.
Cavity Mode Tuning
As described by KOGELNIK and LI (1966), the modes of a 
laser cavity have field distributions which can vary in 
the cavity both transversely and longitudinally. It is 
necessary to select only one such cavity mode and be able 
to vary the cavity length while suppressing all other 
modes from oscillating, if the laser output frequency is 
to be varied over the frequency range of positive laser 
gain (as given by eqn. (3.2)). Without a mechanism for 
suppressing unwanted modes from lasing, the maximum
frequency range, over which a laser could be tuned, would 
be the frequency separation between consecutive
longitudinal cavity modes, as the laser frequency could 
vary only up to + c/4Lq from the line centre frequency (c 
is the speed of light and Lq is the cavity length) .
Since the higher order transverse modes have their 
energy less concentrated near the axis of the laser 
resonator, a circular aperture within the laser resonator 
causes larger diffraction losses for higher order
transverse modes. Thus we can select the lowest order 
(fundamental) transverse mode by inserting into the cavity 
a sufficiently small aperture to suppress the second order 
modes. The larger this aperture can be, the less loss 
introduced into the fundamental transverse mode.
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For the laser output frequency to be tuned over a 
range many times c/2Lq , the laser cavity must be able to 
select a single longitudinal mode, while suppressing all 
other modes from lasing, for the entire frequency range of 
interest. A number of mechanisms for achieving single 
longitudinal mode lasing, over frequency ranges larger 
than c/2Lq , have been outlined by SMITH (1972).
The majority of these methods couple, in some way, the 
main laser cavity with a much shorter cavity (length L') 
which has a free spectral range (c/2L') many times that of 
the main laser cavity. The output laser frequency then 
must be resonant with both the main cavity and the short 
cavity thus allowing the laser frequency to be tuned over 
a number of free spectral ranges of the main cavity. One 
of these longitudinal mode selection techniques, which is 
particularly suitable for a high pressure, high power C02 
laser, uses the Fox-Smith interferometer, whose operation 
is described in Appendix C (see SMITH, 1965) . In this 
arrangement, one laser cavity mirror is replaced by two 
mirrors and a beamsplitter, as shown in figure 3.2.
A different method of longitudinal mode selection uses 
a diffracting film, as described by KOVALEV et al., 
(1975). Unfortunately this method is not suitable for use 
in a high power laser cavity, as the thin metal films, 
normally used to make the diffracting grid, can absorb 
sufficient power to be vaporized.
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Summary
In this section we have considered various means for 
selecting single CO^ laser line operation and for 
obtaining single mode lasing over a frequency range 
greater than c/2Lq . Particular attention has been paid to 
methods which introduce as little loss as possible at the 
laser operating frequency, as these methods are most 
suited to incorporation into the cavity of a low gain, 
high pressure CC>2 laser. The most appropriate method for 
single CO2 line selection is an intracavity absorption 
cell plus a low finesse etalon and the most appropriate 
techniques for single mode operation and tuning are a 
Fox-Smith interferometer with an intracavity aperture.
3.5 THE DESIGN OF THE HIGH PRESSURE C02 LASER CAVITY
For a laser to operate at high pressure and away from 
line centre frequency, where the small signal gain is low, 
the losses introduced by the optics of the laser cavity 
must be minimal and the output coupling coefficient of the 
laser must be small. This in turn requires that the cavity 
components (i.e. the absorption cell, the etalon, the 
tuning Fox-Smith interferometer and the cavity output 
coupler) must be able to sustain high powers of 
intracavity laser flux without damage if the laser is to 
generate moderate to high output power.
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The choice of optical material for the etalon mirrors, 
the interferometer beamsplitters and the discharge tube 
vacuum windows is of particular importance. From the 
optical and mechanical properties of a number of commonly 
used infrared materials as documented by MARSH and SAVAGE 
(1974) and the technical data of II-VI Inc. (USA), and CVD 
Inc.(USA), the optical material considered most
appropriate was ZnSe which is water insoluble, has a low 
bulk absorption coefficient (< 5 xlO”  ^ cm”1) and is
transparent to visible HeNe laser light to assist in the 
alignment of the laser cavity components.
Information on CW damage threshold of dielectric
reflective coatings on ZnSe was difficult to obtain, but
-2appears to be a few 100 W cm CW for some high 
reflectivity coatings (Burleigh Instruments Inc. U.S.A.). 
The use of such dielectric coatings, within the laser 
cavity, was therefore avoided. Instead, only uncoated ZnSe 
was used for the reflective surfaces within the cavity, in 
conjunction with anti-reflection coatings made for a
wavelength of 9.6 pm.
The reflectivity of an uncoated ZnSe surface depends 
on the polarization and the angle of incidence of the 
incoming ray of light. The coefficient of reflectivity is 
determined by the Fresnel formulae (BORN and WOLF, 1959, 
p39), which will be given using the nomenclature of 
figure 3.3. In figure 3.3, the interface between the two 
materials, with refractive indices n, and n0 is the X-Y
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Z
Figure 3.3. Coordinate system for determining the reflection
coefficients at an interface.
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plane and the Y axis is chosen so that the incident ray of 
light and the Y and Z axes are coplanar - thus the Y-Z 
plane is the plane of incidence. The incident ray of 
light needs to be reduced to two orthogonally polarized 
components: one with its electric field direction in the
Y-Z plane, i.e. parallel to the plane of incidence
(represented by E / / ) r and the other with its electric
field in the X-direction, i.e. perpendicular to the plane
of incidence (represented by E±) . With the angles 0 . and 
0t as shown in figure 3.3, the reflection coefficients 
for the electric fields E^  and E± are, respectively,
p// = n2
Cos 9i — n^ Cos et
n2 Cos 9i + Cos -p (3.4)
and pi = n i Cos ei - n2 Cos 6t
n i Cos •H
CD + n2 Sin -PCD
where n i Sin 9i = n2 Sin efc .(3.5)
Using eqns. (3.4) and (3.5) f (P//)2 and (pi)2 at
ZnSe - Air interface have been plotted for values of 0^  
between 0° and 90° in figure 3.4.
From Chapter 2, we recall that the particular CC>2 
laser line, which optically excites CH^F to lase at 
496 ym, is the P20 line of the 9.6 ym band. The first 
stage of selecting this P20 line is to choose absorption 
gases (from the data presented in Appendix B) which 
suppress all C02 laser lines in the R branch of the 9.6 ym 
band and the R and P branches of the 10.6 ym band, while
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introducing little loss at P20 of the 9.6 ym band. The
gases chosen for this purpose are
sulphur hexafluoride (SFfi) , Freon 12 (CF?C12) and
Genetron 115 (C2F5C1); the absorption of each of these
gases at most CO^ laser lines is presented in figure 3.5.
By using a mixture of 5 mtorr SF^ ., 10 mtorr 
Genetron 115 and 25 mtorr Freon 12, with the balance to 
atmosphere being argon, in an intracavity absorption cell, 
the CC>2 laser is constrained to lase on a line in the
P branch at 9.6 ym. The final selection of the P20 line
requires the use of an etalon which is length tuned to
avoid tilting losses and whose reflective surfaces are
uncoated ZnSe. From eqn. (3.4) , for ZnSe when CD *->• II O
o
<p //>2 = , v 2( pi ) = 0.17 (3.6)
The etalon eventually chosen for this purpose was a
Burleigh Instruments tunable etalon (Model No.TL-38 IR) ,
which had both its ZnSe etalon plates uncoated on one side 
and AR coated for 9.6 ym on the other. Of the standard 
etalon plate separations supplied by Burleigh, the most 
appropriate was 0.5 mm which gives a free spectral range 
of 300 GHz (the frequency separation of about 6 C02 laser 
lines) and which introduces a reflectivity of almost 20% 
at a frequency 50 GHz from the etalon resonant frequency 
(P18 and P22 are respectively +54 GHz and -55 GHz from 
P20) . Thus this etalon is able to select the P20 line 
(introducing almost no loss at that line), from the 
P branch of the 9.6 ym band which has been selected by the
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• c2f5ci
♦  CF,Cl
x SF,
C02 Laser Line
Figure 3.5. The Absorption Coefficients of SF , CF Cl 
and C2F5C1 at various C02 laser lines. &
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absorption cell using the previously mentioned mixture of
SF^, C F0C1 0 and C0FcCl.6 2 2 2 5
The Fox-Smith interferometer which must tune the laser 
frequency away from the line centre frequency has, as its 
beam splitting mirror, uncoated ZnSe. From eqn.(3.4), the 
reflectivity of ZnSe at an angle of incidence of 45° is
(P//)2 = 0.08
and (3.7)
( pi ) 2 = 0.28
From Fig. 3.2, if the Fox-Smith interferometer is
considered a mirror with variable reflectivity and output
phase, at a distance from the output coupler, the
values of amplitude reflectivity (P) and phase difference
(0) are given in Appendix C by eqns.(C.2) and (C.3). From
these equations, P is a periodic function of and
with a period of X/2, while 0 is periodic for X /2
changes in only, as it increases by 2 tt each time L2
increases by X/2. Figures 3.6 and 3.7 show the values of
P' and 0 plotted against increasing by X/2, for
2 2beamsplitter reflectivities of (p//) and (P 1 ) for ZnSe
at 45° given in eqn.(3.7). From figure 3.6, a Fox-Smith
2interferometer with a beam splitter reflectivity of ( pi ) 
should, by varying the resonant frequency of the small 
cavity (L2 + L^) , be able to resolve the longitudinal 
modes of a high pressure, low gain, CC>2 laser cavity, and 
thus tune the output laser frequency off line centre.
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±  0-5-
0-4 0-6 0-8
Lenghh Change ( X/2)
Figure 3.6. The intensity reflection coefficient versus 
change in length of L3 , for polarizations parallel and 
perpendicular to the plane of incidence.
“  0-3-
«  0-1-
Lengfh Change ( X/2)
Fig. 3.7. The phase change versus change in length of L3 , 
for polarizations parallel and perpendicular to the plane
of incidence.
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It is interesting to note from figure 3.6 and 
figure 3.7 that a Fox-Smith interferometer with a low beam 
splitter reflectivity of, e.g. (p^y) ' f°rms a variable
output coupler with reflectivity between 0% and 30%, 
causing almost no phase shift. Thus a Fox-Smith 
interferometer with a low reflectivity beam splitter is an 
ideal alternative to a partially transmitting output 
coupling mirror (M^ in figure 3.2) which requires a high
reflectivity, dielectric coating.
Accordingly, it was decided that each end of the CO^ 
laser cavity should have a Fox-Smith interferometer, 
designed to operate on orthogonal polarizations. The 
non-cavity arm of one interferometer then needs to be 
perpendicular to the non-cavity arm of the other and there 
must be an additional polarizing element, to define the 
plane of polarization within the laser cavity. Because of 
the mode of operation of the CO2 laser discharge tubes, 
vacuum Brewster windows could not be used (see BARKLEY,
1982). This particular point will be elaborated on in the 
subsequent chapter which details the operation of the C02 
laser. A free standing piece of ZnSe is therefore placed 
at the Brewster angle within the laser cavity to provide 
the correct laser polarization. (Although free standing 
fine wire grids of both 20 ym and 10 ym diameter tungsten 
and gold coated tungsten wire were also tried, these were
destroyed in a single pulse by the intracavity laser
fluxes.) The discharge tube vacuum windows are made of 
ZnSe, AR coated on both sides for 9.6 ym, with surfaces
69
normal to the laser cavity axis.
To minimize the number of optical components within 
the laser cavity, the higher finesse (tuning) Fox-Smith 
interferometer has been sealed and is used as the 
intracavity absorption cell. Thus the final design of the 
high pressure CO^ laser cavity, which contains all the 
optical components, is shown in figure 3.8.
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CHAPTER 4
CONSTRUCTION OF THE CO? LASER
This chapter describes each component of the C02 laser 
(shown schematically in figure 4.1), with particular 
emphasis being given to details which are important to 
operation at high pressures and high power levels.
4.1 DISCHARGE SECTIONS
The laser has four active discharge sections arranged 
in two pairs; each pair has a common anode and two 
cathodes (see McLEARY and GIBBS, 1973). The discharge 
pairs are separated by a 200 mm long pyrex tube around 
which is placed a permanent magnet; the subsequent 1 kG 
perpendicular magnetic field isolates effectively the 
middle discharges.
The anodes (whose construction is shown in figure 4.2) 
have profiled gaps through which the laser gas mixture is 
introduced into the discharge regions at sonic speed. The
73
cc uo
00 o
Fi
gu
re
 4
.1
. 
A 
bl
oc
k 
di
ag
ra
m 
of
 t
he
 c
om
po
ne
nt
s 
of
 t
he
C0
o 
la
se
r.
74
sonic gas flow produces turbulence on the low pressure 
side of each anode gap which breaks up any arcs and thus 
maintains uniform discharge columns at pressures above 
200 torr. The size of each flow gap is determined by metal 
shims (see figure 4.2), which allows the four gas flows to 
be adjusted individually. The four hollow discharge 
cathodes are constructed as shown in figure 4.3.
Nickel sections have been inserted into the four 
cathodes and the two anodes (see figures 4.2 and 4.3) to 
decrease hot spots (particularly at low pressure) and so 
improve the discharge uniformity. The four discharge 
sections, constructed from 19 mm ID, 200 mm long pyrex 
tubes, and the cathodes are water cooled.
4.2 CAVITY OPTICS
Passive stabilization of the cavity length and
vibrational isolation of the laser optics are provided by 
mounting the cavity components on a marble table (2.5 m 
long x 1 m wide x 0.2 m thick) weighing over 1.3 tonnes 
which rests on a 50 mm layer of sand. The temperature of 
the laboratory is maintained constant to + 2°C while the 
temperature of the marble varies by + 0.3°C over a 24 hour 
period, so that the total length of the marble changes by 
less than 15 ym over a full day and less than 2 ym over 
any hour.
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Figure 4.2. A discharge anode
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^•^^ure 4.3. A discharge cathode
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The two main mirrors of the laser cavity (see figure 
3.8) are 25 mm diameter, 99.9% reflectivity, 
dielectrically coated, copper mirrors ( PTR Optics). They 
are 2.1 m apart; one is planar and the other is a concave 
mirror with a radius of curvature of 5 m which can be 
tilted and translated piezoelectrically (Burleigh 
Instruments PZ-80 translator) . The flat mirror is mounted 
inside an aluminium block which forms both the higher 
finesse Fox-Smith interferometer for tuning and the 
intracavity absorption cell (see figure 4.4). Although the 
flat mirror can be tilt adjusted, no provision has been 
made for it to be translated.
The laser cavity has been configured so that the low 
finesse Fox-Smith interferometer that is used for output 
coupling is in a horizontal plane and the higher finesse 
tuning interferometer is in a vertical plane. This 
configuration requires the radiation of the laser cavity 
to be polarized horizontally, which is achieved by means 
of a free standing piece of ZnSe tilted at the Brewster 
angle with the plane of incidence horizontal. The beam 
splitters for each of the interferometers are both 38 mm 
diameter, 3 mm thick ZnSe plates, uncoated on one side and 
AR coated at 9.6 ym on the other. (The AR coatings are 
designed for the appropriate polarizations - P for the 
output coupling beam splitter and S for the tuning beam 
splitter.)
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Figure 4.4. The combined tuning Fox-Smith interferometer
and absorption cell.
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The second mirrors of both the tuning interferometer 
and the output interferometer must match the wave fronts 
of the laser cavity mode in each interferometer cavity 
(see figure 4.5). The optimum radius of curvature of each 
mirror is then determined by its distance from the main 
cavity mirrors, since the radius of curvature R of the 
laser mode varies within the cavity as (KOGELNIK and LI,
1966)
R (4.1)
where Z is the distance from the plane mirror, X is the 
laser wavelength and w q is the Gaussian beam half-width of 
the field amplitude at its waist. The main cavity mirrors 
set R = 5 m when Z = 2.1 m. Thus for the 0.1 m cavity 
length of the tuning interferometer, a 61 m radius,
concave mirror is needed to match R . For the 0.2 m cavity 
length of the output interferometer, a 5.1 m radius,
convex mirror is needed to match R^. From the available 
commercial mirrors, a planar 25 mm diameter, 99.9%
reflectivity dielectrically coated, copper mirror (PTR 
Optics) was chosen as the second mirror for the tuning
interferometer and a 5 m radius, convex, 25 mm diameter, 
98% reflectivity gold coated, copper mirror (SPECAC) was 
chosen for the output interferometer. Each of these
mirrors can be tilt adjusted and translated
piezoelectrically (Burleigh Instruments PZ-80 mounts).
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Laser line selection is achieved using a low finesse, 
piezoelectrically tuned, Fabry-Perot etalon (Burleigh 
Instruments TL-38 IR), consisting of ZnSe plane mirrors 
(uncoated on one side and AR coated for 9.6 ym on the 
other) having a clear aperture of 32 mm. The etalon cavity 
spacing is 0.5 mm, corresponding to a free spectral range 
of 300 GHz, and the etalon finesse is 1.6. (When the 
etalon is resonant for the P20 laser line at 9.55 ym, the 
adjacent P18 and P22 lines each suffer a 20% reflection.)
The two discharge vacuum windows are 25 mm diameter, 
3 mm thick ZnSe flats which are AR/AR coated for a 
wavelength of 9.6 ym. Both vacuum windows are water cooled 
to minimize thermal distortion from the laser power 
absorbed by surface films produced by the discharges (see 
SINCLAIR, 1970).
Two intracavity irises are positioned in front of the 
main mirrors of the laser cavity to control the transverse 
mode. Each can be positioned accurately in the X-Y plane 
and has an aperture that can be varied from 2 mm to 35 mm 
diameter.
To prevent lasing on unwanted modes at the initial 
stages of a high pressure discharge when the cavity is 
undercoupled, a glass (plate) Q-spoiling shutter can be 
electromagnetically inserted into the cavity.
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4.3 LASER POWER SUPPLY
The power supply has been designed to run the four 
discharges of the CC>2 laser at a maximum voltage of 20 kV 
and at constant discharge currents up to 200 mA. The
operation of the power supply has been described by 
BARKLEY (1983) .
An outline of the power supply is shown in figure 4.6. 
A three phase variac controls the input voltage to the
primary coils of the transformer and a circuit breaker
protects the variac against excessive charging currents at 
switch on. The transformer was designed to provide a dc 
output of 20 kV and 300 mA, but has been operated 
satisfactorily at three times this current during pulsed 
operation. The four discharge tube loads are connected in 
parallel across the 15 pF high voltage capacitor (only one 
of which is shown in figure 4.6).
A high voltage, air cooled, power tetrode (Mullard 
QY5 3000 A) is in series with each of the four discharge 
tubes (see figure 4.7). The feedback circuit (shown in 
figure 4.8) compares Vin with a fixed dc reference voltage 
and adjusts the control grid voltage to keep v. , ana 
hence the valve current, constant to 0.1%. The value of 
the discharge current is determined by the value of R.
Since the discharge cathodes remain near earth
potential by their close proximity to the grounded vacuum 
tank, the anodes and the tetrodes must float electrically
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+
15 pF
Anode
Discharge
Tube
Cathode
(Screen Grid) 
------- Vg 2Power
Tetrode
(Control Grid) 
-------Vg 1
Figure 4.7. A discharge tube - tetrode pair
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and no point in the high voltage section of the power 
supply can be earthed. All high voltage components of the 
power supply are therefore insulated to allow them to 
float to 30 kV from earth potential while an earth leakage 
trip (see figure 4.6) protects the power supply should any 
part break down to earth.
4.4 GAS HANDLING SYSTEMS
High gas flow rates up to several grams per second are 
required to operate the laser at the high gas pressures 
required for the pressure broadened gain to allow tuning 
of at least + 200 MHz. (In fact McLEARY and GIBBS , 1973, 
used flows in excess of 10 g s ^). For high pressure 
operation, the gas system is designed to deliver gas flow 
rates of 10 g s ^, but these conditions are inconvenient 
for aligning the laser, for which operation at 10 torr is 
preferred. To allow this dual capability, two separate gas 
handling systems operate in parallel.
The section of the system which delivers the gas 
mixture to the discharge anodes is shown in figure 4.9. 
The three gases (He, N^ and C02) are controlled separately 
to allow their mixture ratio to be optimised for different 
discharge conditions. For low flow operation, the flow 
rate of each gas is adjusted by individual needle valves 
while the flow of the gas mixture is controlled by the 
solenoid valve V4. For high flow operation, the flow rates 
of the gases are determined by the regulator pressures at
0W
V1
 
Wfl
V2
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each gas cylinder and each gas is controlled by its own 
solenoid valve (VI, V2 and V3). The four solenoid valves 
can be operated independently.
The remainder of the gas system, which consists of two 
pumps and a vacuum ballast tank, is shown in figure 4.10. 
The main pump (Northey 165 TVWD Roots pump) produces a 
base pressure of 1 torr and has a pumping speed of 
2100 1/min which is insufficient to maintain the 
discharges at a constant pressure with the flow rates 
required for high pressure operation. To reduce the rate 
at which the discharge pressure increases, a vacuum 
ballast tank is included between the discharge tubes and 
the Roots pump. The volume of this tank together with the 
100 mm diameter vacuum line is about 150 1. The ballast 
tank is connected to each cathode by two 300 mm lengths of 
19 mm ID glass tube which electrically insulate the 
earthed tank from the floating cathodes. At the junction 
of each glass tube to a cathode port there is fine 
stainless steel gauze to inhibit the discharges streaming
along the glass tubes at the high gas flow rates. A
150 1/min rotary pump is also connected to the vacuum
ballast tank and allows the laser to operate at low gas
flow. Both this small pump and the Roots pump can be
isolated from the vacuum tank (see figure 4.10) .
The high pressures in the anodes are measured by
aneroid Bourdon gauges , while the pressure in the
discharge tubes and cathodes is monitored by a pressure
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transducer (KULITE IPT-750-15A). The control circuit for 
the transducer (given in figure 4.11) displays the 
pressure and removes the glass Q-spoiling shutter from the 
cavity when the pressure is above a preset value. To 
protect the t ransducer and the discharge tubes from 
excessive pressure, a 50 mm diameter carbon safety disc, 
which bursts when the gas pressure is 200 kPa, is fitted 
to the ballast tank.
A second, much smaller system, shown in figure 4.12, 
mixes the gases used for CC>2 laser line suppression and
introduces the mixture into the intracavity absorption 
cell (the tuning Fox-Smith interferometer) . The central 
manifold is initially evacuated and then the gases SF
6 '
^2^5^ an<^  ^ 2 ^ 2  are introduced into the manifold at 
partial pressures of 10, 20 and 50 mtorr respectively,
measured by a capsule vacuum gauge (Leybold Heraeus 
160-63). The manifold is then filled with Ar to a total
pressure of 200 kPa and the above-atmospheric gas mixture 
vented into the intracavity absorption cell.
4.5 MONITORING THE LASER RADIATION
Figure 4.13 shows the various devices which are used
to monitor the C02 laser output.
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Frequency Measurement
The CC>2 laser line is monitored by an infrared grating 
spectrometer (Optical Engineering 16-A Spectrum Analyzer). 
The laser line is visually identified from the fluorescent 
heat-sensitive screen incorporated in the spectometer.
Any shift of the output laser frequency from line 
centre is measured by a confocal etalon (Burleigh 
Instruments CF 50 IR) which has a free spectral range of 
1.5 GHz and a finesse greater than 125, thus giving a 
spectral resolution of 10 MHz. The etalon mirror 
separation is varied piezoelectrically with a linear 
voltage ramp (from a Burleigh Instruments RC43 ramp 
generator) which allows any frequency shifts to be 
determined by the change in resonant voltages (this 
procedure will be discussed in the next chapter). The line 
centre frequency is determined when the laser operates at 
very low pressures. The confocal etalon output is 
monitored by a pyroelectric detector (Molectron Pl-12 or 
Eltec 420, see Table 4.1).
Power Measurement
The laser power emerging from the output coupling 
interferometer is measured by a surface absorbing disc 
calorimeter (Scientech 360001), the output of which is 
monitored by a Scientech 362002 power and energy meter. 
The output power from the tuning interferometer is 
measured by a volume absorbing calorimeter (Scientech
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TABLE 4.1
Molectron Pl-12
Material LiTa03
Area 2 mm diam
Current
Responsivity
0.5 yA/W 0 632.8 nm
Input Impedance 101
Max. Av. Power 50 mW
Rise Time -
Operating Temp. - 55°C to 85° C
Spec. Range 0.001 ym to 1000 ym
Case TO-5
Capacitance 24 pF
Currie Temp 610°C
Eltec 420 
LiTa03
2.5 mm x 2.5 mm 
0.25 yA/W
> 5 x 1012ft 
300mW @ 10.6ym CW 
< In sec 
- 55°C to 125°C 
0.01 ym to 1000 ym 
TO-5 
22 pF
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380101) monitored by a power and energy meter (and its 
output has been calibrated against the surface absorbing 
calorimeter) . When necessary, the radiation power can be 
conveniently attenuated by a silicon slab (a 5 mm 
thickness, at near normal incidence, has a 30%
transmission at a wavelength of 10 ym) .
During pulsed operation of the laser, a sample of the 
laser output is chopped (by a ROFIN 7500 chopper) at
800 Hz and monitored by a pyroelectric detector (Molectron 
Pl-72) having a flat frequency response from 2 Hz to
1 KHz. The detector output is monitored by a lock-in 
amplifier (PAR Model 126), that is locked to the chopper, 
which allows the laser pulse, which lasts about one
second, to be monitored with a 50 ms resolution. Using the 
value of the energy of each pulse measured by the disc
calorimeter, the time variation of the laser output is 
then calibrated to give the actual laser power versus 
time.
Spatial Profile Measurement
The main method of determining the spatial structure
of the laser beam uses fluorescent thermal imaging plates
(Optical Engineering Models 22 and 23). These detectors
_2can be used for laser intensities from 10 mW cm to
800 W cm and have response times varying from 30 msec to 
1 sec depending on the screen sensitivity. Other methods 
used to monitor the spatial profile are 1) heat sensitive
97
paper which can give a permanent record of the beam
pattern if it is stationary, 2) perspex sheet which
completely absorbs the CO^ radiation and ablates to form a
depression whose depth profile follows the input intensity
profile and 3) a sheet of asbestos which becomes
_ 2incandescent when the incident power exceeds 5 W cm 
Measurement Recording
During the course of each laser pulse, the CC^ laser 
line is determined visually, from the spectrum analyzer, 
the total output energies of both interferometers are 
recorded by the power and energy meters and the other 
quantities (the temporal variation of the power, the 
confocal etalon output, the voltage ramp controlling the 
etalon, the discharge pressure,...) are recorded on a UV 
recording oscillograph (Consolidated Electrodynamics Model 
5-124) which can monitor up to 18 signals simultaneously 
(with a writing speed up to 3000 cm s  ^ and a flat 
frequency response from 0 to 60 Hz) .
CHAPTER 5
THE OPERATION OF THE C02 LASER 
5.1 INTRODUCTION
During high pressure operation of the C02 laser, the 
discharge pressures increase continuously, taking about 
1.5 seconds to reach the value (just over 200 torr) at 
which the power supply voltage is insufficient to maintain 
the discharges. Thus the laser operation at high pressure 
is quasi-CW, occurring in pulses of the order of 1 second 
duration. Since it is difficult (and wasteful of helium) 
to align the cavity optics during these high pressure 
pulses, the system is first aligned in a low pressure, 
continuous flow mode. Once the cavity optics have been 
accurately adjusted, the low pressure discharges are 
stopped, the operating current settings are changed and 
the high pressure mode is initiated by applying 20 kV to 
the four discharge tubes and then introducing the high gas 
flow (electrical breakdown occurs at pressures between 5
and 20 torr).
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5.2 CONTINUOUS OPERATION AT LOW PRESSURE
When the laser is evacuated by the 2100 1/min pump, 
the operating gas flows at a discharge pressure of 5 torr 
are as shown in Table 5.1.
Table 5.1
CO 2 flow rate 320 torr 1/min
N2 flow rate 1980 torr 1/min
He flow rate 7440 torr 1/min
Effective Pumping Speed (1990 + 200) 1/min
At this operating pressure, the current in and voltage 
across each discharge are 30 mA and 1.8 kV respectively. 
Under these conditions lasing occurs when the second 
mirror of each interferometer (figure 3.8) is blocked, 
indicating that the small signal gain of the laser is 
greater than the 64% transmission loss from both beam 
splitters (more will be said about the gain later) .
The main cavity mirrors are aligned so as to centre
the laser cavity mode along the axis of the discharge
tubes. The adjustable irises are then accurately centred
on the cavity mode and their apertures decreased
sufficiently to select only the lowest order transverse
mode TEM . The side mirror of each interferometer is then oo
uncovered and adjusted to make the output pattern from
100
each interferometer symmetric and uniform. As different 
C02 laser lines produce different output patterns, all 
alignment is performed on the line of interest (in this 
case P20 of the 9.6 pm band). With the laser lines
restricted by the absorbing gases to the P branch of the
9.6 ym band, the cavity optical configuration allows
lasing from P8 to P36. This degree of selectivity was 
unexpected since the low finesse tuning optics of the 
laser were designed for small signal gains of the order of 
10% and not the high gains of this low pressure operation.
Using the analysis of RIGROD (1965), the small signal
gain and the saturation intensity of the laser medium can 
be determined from
- 9oL + ln(RlR2)1/2 (5.1)
where Iout is the total intensity output of the cavity, I 
is the saturation intensity, gQL is the small signal gain 
exponent per pass of the cavity and R^ and R2 are the 
effective reflectivities of the two cavity mirrors (this 
model assumes that (1-R^) and (1-R2) are the only cavity 
losses and that any cavity dissipation must be small 
compared with the output coupling coefficient). The laser 
was operated at 10 torr in the two cavity configurations 
shown in figure 5.1 and the output results for each case 
are given in Table 5.2. (These results are for the P20 
line of the 9.6 ym band.)
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Case A
h
Case B
Figure 5.1. Two cavity configuration of the CC^ Laser
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Table 5.2
h X2 *out R 1 R 2
Case A 0.7 it “ 2W cm 3.2 ,7 -2W cm 6.9 W cm 2 0.44
Case B 0.7 i7 “ 2W cm 5.2 W c m -2 9.7 W cm 2 0.49
(From figure 5.1,
for A, I . =out Ii(2~r x) + I2 (2-r2)
and R1R2 - (1-r x) 2 U - r 2)2
for B, I . =out h  + I2 (2-r2>
and R1R2 = R1<1-r2^  2 )
Using the values of Table 5.2 in eqn (5.1), we obtain
gQL = 0.55 + 0.05 (5.2)
and I = (49 + 5) W cm-2
Despite the difference in discharge tube bores, 
discharge currents and gas flow rates, this small signal 
gain of 3.0 + 0.3 dB m 1 (for the 0.8 m discharge length) 
is similar to those measured by KRUG (1983) and MURRAY et 
al. (1975) and the saturation intensity is comparable to 
those measured by CHRISTENSEN et al. (1969).
Even though care was taken to make the radii of the 
cavity mirrors as near as possible to the curvatures of 
the wavefronts of the cavity mode, there is still a phase
103
mismatch in both interferometers as each of the second 
mirrors does not match exactly the phase front of the mode 
and so the output power from the tuning interferometer is 
never less than 100 mW while the power output of the
coupling interferometer is never less than 40 mW. As shown 
in section 2 of Appendix C, the amount of phase mismatch 
depends on the beam splitter reflectivity, the length of 
the interferometer cavity and the radius of curvature of 
the phase front.
The output mode pattern of the laser has faint 
striations in it (most evident when the output power is 
less than 100 mW) which are decreased by removing the 
intracavity etalon thus indicating that effects due to
reflections from intracavity AR coatings, although small, 
are significant. The specified reflection of a commercial 
AR coating at the design wavelength is typically < 0.5% 
for normally incident light (but may be as high as 3% for 
light incident at an angle) and the influence of such 
reflections on the performance of a laser can be quite
important (see DYER, 1982). The use of AR coatings for the
cavity optics is unavoidable and, although reflections 
from these coatings can produce observable results, at 
high laser output powers the mode pattern appears 
perfectly symmetrical and uniform.
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5.3 HIGH PRESSURE GAS FLOW CONDITIONS
The individual flow rates for each gas of the optimum 
laser mixture used, when the pressure inside each anode is 
129 KPa, are given in Table 5.3.
Table 5.3
Gas Gas Throughput Mass Flow Rate
C02 > 1.67 atmos 1 -1s > 3.1 g s-1
-1 -1
N2 2.33 atmos 1 s 2.7 g s-1 -1He 23.6 atmos 1 s 3.9 g s
Total flow > 27.6 atmos 1 s-1 > 9.7 g s-1
The mass flow rate of gas mixture necessary to produce
sonic flow in each of the anode gaps can be calculated
using eqn (D.4) of Appendix D. With the four anode gaps
used (the sum of their widths being 1.05 + 0.05 mm), the
-5 2area of the sonic orifice A* is (6.27 + 0.3) x 10 m . As 
the flow velocity inside each anode is calculated to be 
only a few m s 1, for all practical purposes, the pressure 
in each anode of (129 + 13) KPa is the same as the 
stagnation pressure. Thus using eqns (D.4) and (D.9), the 
mass flow rate necessary for sonic flow under these 
conditions is
dm onic = (n < 1  ± 1‘6> 9 S_1 <5-3)at
The measured mass flow rate is > 9.7 g s-l, so we can
105
assume that the flow in each anode gap is either sonic or 
very near sonic.
The discharge pressures rise almost linearly with time 
while the high gas flow is sustained (see figure 5.2) and 
this has two consequences for the design and operation of 
the laser; these are described in detail in Appendix E. 
The first is that Brewster vacuum windows could not be 
used for the discharge tubes as they produce a pressure 
dependent angular deviation of the laser cavity mode. To 
the author's knowledge, this type of beam deviation has 
not been previously observed as most lasers operate at a 
constant pressure. The second consequence is that the 
effective optical length of the cavity increases by up to 
2.5 wavelengths when the discharge pressure increases from 
0 to 200 torr (corresponding to a change of 0.13 pm/torr). 
Since this length change corresponds to five times the 
free spectral range of the cavity, to stabilize the laser 
frequency during operation, the curved mirror of the 
cavity is moved piezoelectrically at a rate proportional 
to the pressure increase.
With the electronics and the piezoelectric translators 
used, the maximum rate of change of the cavity length 
obtainable is 0.08 pm/torr, while the maximum length 
change is 10 pm. (To keep the coupling coefficient of the 
output interferometer constant when ramping the main 
cavity length, the second mirror of the interferometer 
must be moved at an equal but opposite rate). It is found
106
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that cavity rates of change as small as 0.02 ym/torr can
keep the laser operating on a single CC^ line, though 
there is always a tendency for the laser mode frequency to 
decrease during the pulse which may be due to an
uncompensated cavity length increase.
To prevent oscillation on unwanted lines when the 
discharge pressure is low and the laser gain is high, the
Q of the cavity is spoiled by inserting a glass shutter 
which is removed at a predetermined pressure (normally
between 80 and 120 torr) . Even though the four discharges 
can be sustained at pressures above 200 torr, laser action 
is rarely observed above 180 torr. In this way, laser 
action on a single CO2 rotational line can be maintained 
for pressures between 80 and 180 torr, which corresponds 
to pulse durations of between 0.5 seconds and 1 second.
5.4 PULSED OPERATION AT HIGH PRESSURE
The outputs of the pyroelectric detectors, which 
monitor the laser power and the signal from the confocal 
etalon, along with the voltage ramp which sweeps the 
etalon are recorded by a UV chart recorder. Figure 5.3 
shows these recorded detector outputs for a laser pulse on 
P20 at 9.55 pm. Trace (I) is the output of the 
pyroelectric detector which monitors laser power. It has 
been calibrated using the energy measured by the disc 
calorimeter to give the actual output power versus time.
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Trace (II) is the output from confocal etalon and it 
effectively records the laser mode frequency versus time 
during each sweep of the voltage controlling the etalon 
(Trace III). The free spectral range of the etalon is 
1.5 GHz, which corresponds to a voltage ramp of 650 V and 
since the piezoelectric scan of the etalon is linear with 
voltage to + 5%, we are able to measure relative frequency 
changes by measuring the change in resonant voltages (with
2.3 MHz/ volt); this has been done in figure 5.3. As the 
confocal etalon can measure only a relative frequency 
change, in order to determine absolute frequencies the 
resonant voltage of the laser line centre frequency must 
also be measured. Figure 5.3 also shows the output of the 
pressure monitoring transducer (Trace IV) which shows that 
laser action was initiated at 80 torr and continued up to 
a pressure of 150 torr.
In figure 5.3,the laser frequencies at A,B and C show 
that the frequency changes in discrete steps of the order 
of 70 MHz (or multiples of 70 MHz) which is the free 
spectral range of the 2.1 m long cavity. For this reason, 
when documenting the performance of the laser in figures
5.4 to 5.8, the values of the laser frequency are plotted 
as discrete multiples of 70 MHz from the line centre 
frequency.
The relative frequency differences (as indicated by 
the changes in resonant voltages of the confocal etalon) 
between the P20 line centre frequency and the line centres
110
of four other lines, which occur occassionly during laser 
pulses, have been measured at low operating pressure. By 
identifying, with the spectrum analyzer, which C02 lines 
lase during each pulse, we can determine whether the
output at a given frequency offset monitored by the
confocal etalon is due to detuned P20 laser action or to
the oscillations of one of these other laser lines. These
lines and their effective frequency differences from the
P20 line are
P12 -780 MHz
P16 -300 MHz
P18 +200 MHz
P22 +400 MHz
Figure 5.4 shows the output powers and frequency
offsets from the P20 line centre which were monitored 
during a number of high pressure pulses of the laser for 
different coupling coefficients of the output Fox-Smith 
interferometer, obtained by changing the cavity length of 
the interferometer. The best result obtained is 5.5 W at 
420 MHz from the line centre frequency. To our knowledge, 
the previous best tuning result is 1 W at 100 MHz from 
line centre (IOLI et al. , 1980). It should be noted that
the alignment of the convex-concave cavity of the output 
interferometer is difficult to maintain from pulse to 
pulse and hence these output results are hard to reproduce 
consistently. Far more reproducible laser operation is 
obtained by blocking the second mirror of the output
Ill
10-1 Cavity Inc r e a s e :  0 10-1 Cavity Increase.- A/4
o
o
o CL
0
10-
-350 -280 -210 -140
Cavity Increase:  Ä/12
o
o o
-350 -280 -210 -140
Cavity Increase:  A/3
o
o
o
-350 -280 -210 -140
Cavity Increase:  A/6
0 - 1— I—
-420
o
-350 -280 -210
AV (MHz)
-140
0
o
0
-350 m  -210 -140
AV (MHz)
Figure 5.4. Output powers versus frequency offset from the 
P20 line centre, for different cavity lengths of the output 
coupling Fox-Smith interferometer.
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interferometer and using simply the ZnSe beam splitter as 
the output coupler, but in this instance smaller frequency 
offsets are obtained as the output coupling coefficient is 
much higher than the lowest coefficients allowed by the 
interferometer .
Figure 5.5 shows the recorded output powers and 
frequency offsets of one of the output beams from the beam 
splitter (the sum of the powers of both output beams is 
1.92 times the values given) during a number of laser 
pulses for different resonant frequencies of the tuning 
Fox-Smith interferometer obtained by varying its cavity 
length. From figure 5.5 compared with the previous results 
obtained using the output interferometer, the output 
powers are higher (10.5 W at 200 MHz from the line 
centre) , while the maximum frequency is less (being only 
200 MHz). Further, we can see a definite decrease in the 
output laser frequency when the resonant frequency of the 
tuning interferometer is decreased, which is expected.
As laser action occurs until 180 torr with the beam 
splitter output coupling, this means that the small signal 
gain/pass is at least 9% at the line centre at 180 torr 
(this gain is obtained from eqn (5.1) by assuming 1^ = 0.84 
and R2=l•0) •
A consequence of the decreasing output frequency 
during each pulse (see figure 5.3) is that the tuning 
Fox-Smith interferometer , which is not supposed to couple 
energy out of the cavity, may couple out twice as much
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energy as the output coupler at the other end of the
cavity (for a single pulse, typical energies are 10 J and
5 J respectively) . This means that the output and
intracavity laser fluxes are less than anticipated; the
_2measured output flux is about 10 W cm , so the
_2intracavity flux must be of order 100 W cm
5.5 HIGH PRESSURE OPERATION WITH CAVITY CHANGES
The original cavity did not include highly reflective 
dielectric coatings for fear of them being damaged. The 
intracavity laser fluxes are, however, less than were 
expected and, in view of this, the use of a partially 
reflecting output coupling mirror within the cavity is 
possible. This would both simplify the cavity and ensure 
that all the power emerges in one beam (unlike when using 
the beam splitter) .
The performance of the laser has been measured when 
the output interferometer was replaced by either an 80% 
reflectivity, 10 m radius, concave Ge mirror or a 95% 
reflectivity, 5 m radius, concave ZnSe mirror. The use of 
these partially reflective output mirrors allowed a better 
study of variations in the laser power and output 
frequency with different rates of change of the main 
cavity length.
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F i g u r e  5 . 6  shows  t h e  r e c o r d e d  l a s e r  p o w e r s  and o u t p u t  
f r e q u e n c i e s  u s i n g  t h e  80% Ge o u t p u t  m i r r o r  f o r  v a r i o u s  
r a t e s  o f  c a v i t y  l e n g t h  c h a n g e  f r om 0 . 0 2 4  p m / t o r r  t o
0 . 0 5 6  y m / t o r r ,  when t h e  t u n i n g  i n t e r f e r o m e t e r  was r e s o n a n t  
a t  l i n e  c e n t r e .  R a t e s  l o w e r  t h a n  t h e s e  d i d  n o t  p r o d u c e  
c o n s i s t e n t  l a s e r  a c t i o n  o f  a s i n g l e  C02 l i n e  and h i g h e r  
r a t e s  t o o k  t h e  p i e z o e l e c t r i c  m i r r o r  moun t  t o  i t s  maximum 
t r a v e l  o f  10 pirn b e f o r e  l a s e r  a c t i o n  c e a s e d ,  w h i c h  o c c u r r e d  
a t  a b o u t  150 t o r r  w h e n e v e r  t h e  Ge m i r r o r  was  u s e d .  From 
t h e  r e s u l t s  o f  f i g u r e  5 . 6 ,  t h e r e  i s  no o b v i o u s  v a r i a t i o n  
i n  t h e  f r e q u e n c y  s t a b i l i t y  o f  t h e  l a s e r  o u t p u t  w i t h  t h e  
r a t e s  o f  c a v i t y  l e n g t h  c h a n g e  u s e d .  A l t h o u g h  we would  
e x p e c t  t h a t  i n c r e a s i n g  t h e  r a t e  o f  c h a n g e  s h o u l d  i m p r o v e  
t h e  f r e q u e n c y  s t a b i l i t y ,  s i n c e  t h e  e s t i m a t e d  r a t e  o f  
p r e s s u r e  i n d u c e d  i n c r e a s e  i n  t h e  o p t i c a l  l e n g t h  o f  t h e  
c a v i t y  i s  up t o  0 . 1 3  y m / t o r r  ( s e e  A p p e n d i x  D) , i t  i s  
p o s s i b l e  t h a t  c o m p e n s a t i o n  i n  t h e  r a n g e  0 . 0 2 4  t o
0 . 0 5 6  y m / t o r r  i s  n o t  s i g n i f i c a n t .  The p o w e r s  r e c o r d e d  i n  
f i g u r e  5 . 6  ( f o r  e x a m p l e ,  29 W a t  - 1 4 0  MHz f r om l i n e  
c e n t r e )  a r e  more  t h a n  d o u b l e  t h o s e  g i v e n  i n  f i g u r e  5 . 5  f o r  
one  beam o f  t h e  beam s p l i t t e r .  T h i s  i s  q u i t e  r e a s o n a b l e  
s i n c e  t h e  t o t a l  c o u p l i n g  c o e f f i c i e n t s  a r e  c o m p a r a b l e  i n
e a c h  c a s e  (20% f o r  t h e  Ge m i r r o r  and 16% f o r  t h e  beam 
s p l i t t e r )  b u t  t h e  p a r t i a l l y  r e f l e c t i n g  m i r r o r  p r o d u c e s  
o n l y  one  o u t p u t  beam.
I n  o r d e r  t o  s t u d y  t h e  f r e q u e n c y  t u n i n g  o f  t h e  l a s e r  
w i t h  a p a r t i a l l y  r e f l e c t i n g  o u t p u t  m i r r o r ,  a number  o f  
l a s e r  p u l s e s  w i t h  t h e  80% Ge m i r r o r  and t h e  95% ZnSe
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Figure 5.6. Output power and frequency variation with the 
80% mirror for different rates of change of the cavity length.
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mirror at different cavity lengths of the tuning 
interferometer were monitored. The results for the Ge 
mirror are shown in figure 5.7 and those for the ZnSe 
mirror in figure 5.8, in each case the cavity was varied 
at 0.056 ym/torr. The frequency variations with the 80% 
mirror are far less controllable than for comparable 
changes in the resonant frequency of the tuning 
interferometer using the beam splitter output coupling. 
Also, the frequency offsets from the line centre obtained 
with the 80% mirror are all negative and below -70 MHz 
while the offsets obtained with the beam splitter are both 
positive and negative. One might have expected the tuning 
results for the 80% mirror and the beam splitter to be 
similar. However, it is always difficult to retain 
accurate cavity alignment during pulsed operation. The 
difference in the output results is most probably due to 
cavity misalignment caused by transient effects produced 
by the intracavity laser fluxes during each pulse; this 
would lessen the effectiveness of the tuning 
interferometer.
The frequency results in figure 5.8 obtained with the 
95% ZnSe mirror at different cavity lengths of the tuning 
interferometer show a similar variation to those of the 
80% mirror in figure 5.7. The output power achieved with 
this ZnSe mirror was no more than 5 W which is much less 
than the 29 W obtained with the Ge mirror, thus a 5% 
transmission coefficient undercouples the laser cavity, 
which implies that there is a significant loss within the
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cavity. This loss is almost certainly in the tuning 
interferometer which couples a large amount of power out 
of the cavity during each pulse. Laser action on a single 
C02 line, using the 95% ZnSe output mirror, was sustained 
for only a small range of resonant frequencies of the 
tuning interferometer, even when the oscillation was 
initiated at a higher pressure (120 torr). Thus to obtain 
a wider output frequency tuning range when using the 95% 
mirror and still retain single C02 line operation, it
would be necessary to increase the selectivity between C02 
lines, e.g. by using higher reflective dielectric coatings 
on the plates of the intracavity etalon.
The irregularity of the results shown in figures 5.7 
and 5.8 highlights the importance of accurate alignment of 
the tuning Fox-Smith interferometer for optimum laser 
operation. This alignment, however, is particularly 
difficult to maintain from pulse to pulse. Since there is 
no inherent asymmetry in the gain of the laser medium with 
frequency offset from the line centre, it should be
possible to produce at positive frequency offsets all the 
output powers, given in figures 5.7 and 5.8, obtained at 
negative frequency offsets; for this system, however, 
laser action at positive offsets is dominated by the
negative frequency variation during ea^h pulse.
Qj
A further cavity modification, which is possible 
because the laser operation is pulsed, is to replace the
ZnSe beam splitter of the tuning interferometer with a Ge
121
beam splitter. Germanium is not used within the cavities 
of CW high power lasers as it suffers thermal runaway, 
which makes the material highly absorbing when subjected 
to high CO^ laser fluxes (YOUNG, 1971 and WILNER et al., 
1982) . The advantages of using a Ge beam splitter are 
that, since the refractive index of Ge is 4, its uncoated 
reflectivity is almost twice that of an uncoated ZnSe beam 
splitter and Ge optical components are generally cheaper 
than other materials. Figure 5.9 shows the calculated 
reflectivity and phase shift for a Fox-Smith 
interferometer with an uncoated / AR coated Ge beam 
splitter for S laser polarization, ie normal to the plane 
of incidence of the beam splitter. When a Ge beam splitter 
is used in the tuning interferometer, alignment in the CW, 
low pressure laser mode is no longer possible if the 
second mirror of the interferometer is covered, since the 
Ge beam splitter then introduces a 75% transmission loss 
and laser action ceases. This makes accurate alignment of 
the interferometer mirrors difficult. Laser operation with 
the Ge beam splitter is not reported here, as the results 
are similar to those already presented. Indeed the laser 
was configured with a Ge beam splitter during most of the 
optical pumping experiments described in Chapter 6.
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5.6 SUMMARY
When considering the laser output results presented 
here, it is necessary to distinguish between the 
consequences of the design of the cavity and the
consequences of the manner in which the laser is operated.
Design Features: Firstly, we see that the design of the
cavity allows laser action 400 MHz from the P20 line 
centre frequency with a power of 5.5 W at a discharge
pressure between 130 and 140 torr. Further, the same laser 
cavity can operate continuously with almost perfect cavity 
mode control and excellent C02 laser line selectivity at a 
pressure of only 10 torr where the small signal gain/pass 
of the cavity exceeds 70% (which is 3 dB m  ^ for the 0.8 m 
gain length) , compared with the 10% gain that the cavity 
was originally designed to operate at. This proves that 
single C02 line selection can be achieved effectively, 
without using a diffraction grating, by a method which 
introduces far less cavity loss and almost no mode 
distortion. We also see that the tuning Fox-Smith
interferometer can vary the output frequency, provided it 
is accurately aligned. Thus the results of the CC>2 laser
performance, obtained for high pressure pulsed operation 
and for low pressure continuous operation, show that this 
laser is certainly capable of CW single line, single mode 
operation at 150 torr, where it can be frequency tuned at 
least 400 MHz from line centre, producing output powers at 
those offset frequencies between 1 and 2 orders of
124
magnitude higher than any previously reported powers.
Operational Features: As the output frequency is stable
for CW operation, the frequency decrease during a pulse 
must be a consequence of the high pressure operation of 
the laser. The continuously increasing discharge pressure 
decreases the output frequency with time. At the same 
time, thermal effects caused by the one second laser 
pulses increase the effective cavity length of the 
combined absorption cell / tuning interferometer, to 
produce the discrete output frequency changes observed,
and cause non-optimal operation of the output
interferometer. Since the output of the tuning
interferometer can be quite large, all the powers measured 
from the nominal output coupler can be increased with 
better frequency stability.
A number of cavity design modifications have been
undertaken to accommodate the operating difficulties 
created in this system. Simply by covering one of the 
mirrors of the output coupling interferometer, an output 
beam of 10 W at 200 MHz below the line centre frequency
was produced. By replacing the output interferometer with
a partially reflecting mirror, the performance was
improved to 19 W at 280 MHz below line centre. Further 
modifications such as changing the cavity length at a rate 
proportional to the pressure increase have been necessary 
to obtain single C02 line operation for the duration of 
each pulse, but these have made the operation of the laser
125
particularly complicated.
Figure 5.10 shows the output results using the 80% Ge 
mirror combined with those of both beams of the beam 
splitter (which are 1.92 times the powers given in figure 
5.5). These results show that the CO^ laser which has been 
developed is indeed capable of being used as a high power, 
tunable pump laser for far infrared wavelength conversion 
(and in our case, has enabled CH-^F to absorb radiation via 
^Q(12,3) transitions, which is reported in the next
chapter) .
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Figure 5.10. The output power and frequency offsets from 
the 80% mirror and from both beams of the output coupling
beam splitter.
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CHAPTER 6
K=2 AND K=3 CW FIR LASER ACTION IN CH3F
6.1 FREQUENCIES OF THE CH3F FIR LASER LINES
For parallel vibrational band transitions in which 
only nondegenerate vibrations are excited, such as both 
the ^Q(12,2) and ^Q(12,3) transitions in CH3F, the energy 
of the molecular level (J,K) in an excited vibrational 
mode is given by (e.g. SMITH and MILLS, 1963)
T (J ,K) = h {v 4- BJ(J + l) + (C-B)K2 - D_J2 (J+1)2 o u
- Dj kJ(J+1)K2 - DkK4 } (6.1)
where hvo is the vibrational band centre energy and the
values of the rotational constants B, C, DJ, Djk and dk
depend on the particular vibrational level of the
molecule. The frequency for a radiative transition between 
levels (J , K) and (J-1,K) of the same vibrational level is 
then
JK 2V (J , K ) 2B J (6 .2)
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Thus radiative transitions which have the same J value but 
different K values have different frequencies.
The values of the rotational constants of eqn.(6.2) 
for the v 3=1 vibrational level of CH^F are (from FREUND et 
al., 1973)
B = 25,197.57 + 0.03 MHz
dj = 55.5 + 1.2 KHz (6. 3)
d jk = 575 + 63 KHz
Using these values , from eqn.(6.2) we calculate that
v (12 ,2) = 604, 302.86 + 15 MHz (6. 4)
v (12 ,3) = 604, 233.86 + 22 MHz
Thus, when c h 3f il s  pumped via qQ(12,3) transitions, the
subsequent FIR laser action produced by the qP(12,3)
transitions will have a frequency 69 MHz less than that
arising from the more common qP(12,2) transitions which
result from qQ (12 ,2) absorption. So for resonance of the
same laser mode at each FIR frequency, the length of the
cavity will differ slightly, in our case (L^ = 1.3 m) , by 
150 urn. For a proper comparison then of the efficiencies 
of the two FIR laser processes, the cavity length must be 
scanned between resonances of modes of the same type at 
each FIR frequency - this is made awkward by the pulsed 
operation of the CO2 pump laser. To help the initial 
alignment and operation on both FIR laser frequencies, the
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FIR cavity has been designed to make the resonant length 
of one of the waveguide modes, at one of the two FIR 
frequencies of interest, equal to the resonant length of a 
second waveguide mode at the other FIR frequency.
6.2 CONDITIONS FOR MODE COINCIDENCE IN THE FIR CAVITY
The expressions for the phase and attenuation 
constants of the three types of mode which can propagate 
in a hollow, cylindrical metallic or dielectric waveguide 
have been derived by MARCATILI and SCHMELTZER (1964). They 
show that three sets of modes can propagate, viz. 
transverse electric (TEQm, m > 1), transverse magnetic 
(TM , m > 1) and hybrid (EH , n ^ 0, m > 1).
In dielectric waveguides, all three types of mode 
propagate with comparable attenuation for low values of 
InI and m. The attenuation constant is given by
X2~  Re f(n) (6.5)
a
where X is the free-space wavelength, a is the radius of 
the cylindrical waveguide, n is the complex refractive 
index of the waveguide wall, u is the mth root of the 
Bessel function and f(n) is given by
(n2 - 1)~1/2 for TE modesom
f(n) = n2/(n2-l)1/2 for TMQm modes (6.6)
(n2 + l)/2 (h2-l)1/2 for EHnm modes
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In contrast, for a hollow cylindrical metal waveguide, 
only the TEom modes can propagate with low loss. For our 
particular purpose of making equal the resonant lengths of 
two waveguide modes at the different FIR frequencies, we 
consider pyrex tube waveguide whose refractive index n is 
2.55 + i 0.25 (BIRCH and STONE, 1973, and BELLAND et
al., 1975). From eqns (6.5) and (6.6), the modes with the 
smallest attenuation in a pyrex waveguide are the TEq  ^
mode and the E H ^  mode (see Table 6.3).
The resonant cavity lengths of the waveguide modes are 
determined by their phase constants, which for pyrex 
waveguide, using the equations of MARCATILI and SCHMELTZER 
(1964), are almost independent of the refractive index and 
to within 0.1% are given by
6nm 2 ttA
f.u A] 2 1
1 - h run~2TTa (6.7)
The resonance condition for an (n,m) cavity mode is
o L = (q+1) TTp nm nmq ' (6 .8)
where Ln is the cavity length for a standing wave with q
2nodes between the cavity mirrors. Since (u A/2TTa) ~ << 1nm
for both the TEQ  ^ and E H ^  modes, we can write
Lnmq 2 ) 1 + h
ru 2n m
27ra
V J -J
The distance between resonances for a TE,
(6.9)
mode and an
EHii mode with the same value of q is then
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A L L01q L llq
\ x2
2 (q + i) 2 28 7T a
(u.
2 2
) ~(u, ■,) (6 .1 0)
As the two CH^F FIR laser frequencies are separated by 
69 MHz, for a TE q  ^ mode of one frequency to have the same 
resonant length as an E H ^  mode of the other frequency, we 
require
AL/(X/2) = 69 x 106/(c/2Lnmq) (6.11)
Using eqns (6.10) and (6.11) and approximating Ln by 
j  (q+1) , we derive an expression for the tube radius aq 
which gives the correct mode separations,
ao
2 _____Ac
8 7T2 .6.9x10 (u oi)2 - (un )2] (6.12)
For X =  496 ym, u^^ = 3.832 and u ^  = 2.405 we obtain
a = 15.5 mm (6.13)o
Thus by using a 31 mm inner diameter pyrex waveguide, the 
resonant length of a TE q  ^ mode at the shorter of the two 
FIR wavelengths ( ^^=2 = 496.096 ym) is the same as the
resonant length of an E H ^  mode at the longer wavelength 
(Ak _3 = 496.153 ym) , irrespective of the length of the
waveguide used. This then allows FIR laser action at both 
wavelengths on waveguide modes, which have almost the same
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attenuations and output powers (BELLAND et al.,1975), 
without needing to adjust the cavity length during or 
between C02 laser pulses.
6.3 DESIGN OF THE FIR CAVITY
The FIR laser cavity consists of a 31 mm ID, 1.3 m 
long pyrex waveguide tube inside a vacuum enclosure with 
the end mirrors mounted inside the vacuum. The basic 
details of the cavity design are shown in figure 6.1.
Both structural support and length stability of the 
cavity are provided by the plates, labelled A and B in 
figure 6.1, whose separation is held constant by three 
pyrex spacer tubes; plate A is fixed to the marble table 
and plate B is allowed to move on sets of linear bearings. 
Provision is made for a temperature controlled liquid to
be circulated through the three spacer tubes to provide 
further stability but this has not been found necessary. 
The vacuum enclosure between plates A and B is a
rectangular aluminium channel, with 50 mm x 100 mm cross 
section; this allows various diameter waveguides to be 
centrally located in the cavity.
Connected to each support plate is an end cap,
containing a vacuum window and one mirror, which can be 
tilt adjusted. The cap attached to plate B has an NaCl 
window through which the CC>2 laser pump beam is focussed 
by a 1 m focal length mirror, M in figure 6.1, on to the
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2 mm diameter hole in the centre of the adjacent cavity 
mirror. This consists of aluminium coated plane glass, 
protected from damage by the C02 beam by an aluminium 
plate attached to its back. In practice, the focussed CO^ 
beam causes the surface of the aluminium plate to glow, 
which allows accurate alignment of the beam through the 
mirror input hole.
On the end cap connected to plate A is the FIR output 
vacuum window of 140 ym thick mylar, which does not 
reflect at a wavelength of 0.5 mm as it is X/2n^ thick 
(n of mylar is 1.7). Inside this end cap is the FIR laser 
output coupling mirror which is mounted on a translation 
stage (Micro-Controle MR 50.16), allowing the mirror to be 
accurately scanned over 16 mm. (This mirror can be moved 
either manually or by an electric motor at a rate of 
1 mm/2 min.)
Ideally, the FIR output mirror should be totally 
reflecting at the pump laser wavelength and have a 
transmission between 10% and 30% at the FIR wavelength. 
Although there are several elegant ways of making such an 
output coupler (see, for example, HODGES, FOOTE and REEL, 
1976, DANIELEWICZ and COLEMAN, 1976, and SCHUBERT et al. , 
1977) , as the main purpose of this work has been to 
compare the two types of FIR lasing of CH^F, which did not 
necessarily require optimal FIR cavity design, a simpler 
FIR output coupler has been used. This was constructed by 
evaporating aluminium to a depth of 0.15 ym on to a Z-cut
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crystal quartz substrate (38 mm diameter and 2 mm thick) 
through a free standing, inductive mesh with 100 
wires/inch (wire width of 27 y m ) . The capacitative mesh so 
formed has a reflectivity of 82% at a wavelength of 9.5 ym 
(measured by a Perkin-Elmer Model 720 Infrared 
Spectrophotometer, KRUG, 1983) and is in the diffraction 
limit at 496 ym, having a measured zeroth order 
transmission of 5% + 2% (WHITBOURN and BLANKO, 1983).
To minimise the coupling losses between the mirrors 
and the ends of the waveguide, the hole input coupling 
mirror is positioned less than 2 mm from the waveguide and
the FIR output mirror is mounted so that it is 2 mm from
the waveguide end at its closest point of travel. The
coupling losses at this mirror are insufficient to
suppress any of the five laser cavity modes which are
observed even when the mirror is 17 mm from the end of the 
waveguide.
The FIR cell is evacuated by a two stage rotary pump 
which produces a base pressure of 5 mtorr. The gas 
pressure inside the cell is monitored by a Pirani gauge 
(Balzers TPR010 head and TPG031 gauge) whose response for 
CH^F has been calibrated against an Edwards Vacustat 
McLeod gauge. For the pressure range of interest, 10-60 
mtorr, the Pirani reading is almost exactly twice the true 
pressure as measured by the McLeod gauge. All of the 
operating pressures quoted here have been corrected to
true pressure.
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6.4 K=2 CH3F WAVEGUIDE CAVITY MODES
For CW C02 laser input powers of about 2W, which are 
near the threshold power for optical pumping, FIR laser 
action occurs at CH-^ F pressures between 10 and 30 mtorr. 
The FIR output power is collected by a horn and fed into 
12 mm diameter waveguide and then detected by either a 
Golay Cell (Pye Unicam IR50) or a liquid helium cooled 
InSb detector (QMC) , as shown in figure 6.1. A laser 
resonator interferogram, obtained by translating the FIR 
output mirror to decrease the cavity length and observing 
the output power variation, is shown in figure 6.2 (which 
is the differentiated output from the QMC detector) . Five 
different cavity modes (labelled A to E) can be clearly 
distinguished.
Inserting the Fresnel number of the cavity, 
2N = a /L^ A, into the expression for the resonant length 
of the (n,m,q) mode (eqn 6.9), we can rewrite the 
expression for the distance between modes (n,m,q) and 
n ',m',q) as
Using eqn (6.14) with X = 496 y m, a = 15.5 mm and =
1.29 m, the mode separations between five waveguide modes 
are calculated and presented in Table 6.1. Also given in 
Table 6.1 are the measured separations between the modes
(6.14)
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of the cavity interferogram in figure 6.2, within one free 
spectral range of the cavity scan.
Table 6.1
Modes Calculated Modes in Measured
(n,m)- (n' ,m') Separations Figure 6.2 Separations
(l,l)-(0,2) 2.93 A/2 B-C 0.91 X/2
d r  D - ( l r  2) 1.67 A/2 B-D 0.65 X/2
(1, l)-(0, 1) 0.60 A/2 B-E 0.60 X/2
(1 r 1) “  ( 3 , 1) 1.39 A/2 B-A 0.37 A/2
(The measured separations are within a free spectral range
of the interferogram and hence are fractions of A/2.)
We are then able to assign values of (n,m) for each
mode ,
Table 6.2
A = (3,1) or (-1 ,1)
B = dr 1)
C = (0,2) or (2, 2)
D = d r  2)
E = (0,1) or (2, 1)
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As u i s  t h e  mth r o o t  o f  t h e  J  , B e s s e l  f u n c t i o n ,  nm n - 1
u , , = u,  - l0 and so A, C a nd  E c a n  be e i t h e r  o r  b o t h- | n | , m  I n | + 2 ,m
o f  t h e  (n ,m)  v a l u e s  l i s t e d .
The s i n g l e  p a s s  power  l o s s e s  o f  t h e  c a v i t y  h a v e  b e e n  
c a l c u l a t e d  u s i n g  eqn  ( 6 . 5 )  f o r  a l l  v a l u e s  o f  (n ,m)  g i v e n  
i n  T a b l e  6 . 2  and t h e s e  a r e  p r e s e n t e d  i n  T a b l e  6 . 3 .  The 
r e l a t i v e  p o w e r s  i n  t h e  f i v e  modes  a r e  c o n s i s t e n t  w i t h  t h e  
c a l c u l a t e d  l o s s e s  f o r  t h e s e  m o d e s ,  o u r  r e s u l t s  b e i n g  v e r y  
s i m i l a r  t o  t h o s e  o f  BELLAND e t  a l . ( 1 9 7 5 ) .
T a b l e  6 . 3
L a b e l  Mode C a l c u l a t e d  W a v e gu i de  Power
L o s s  p e r  S i n g l e  P a s s ,  2 nmL^
E TE01 <EH21) <™01) 2.6% (10.2%) (17.6%)
B EH11 4.0%
C TE02 (EH2 2 ) (™ 0 2 ) 9.0% (34 .0%) (59 .1%)
A EH-11 and  E H ^ 18.2%
D EH12 21.1%
To f u r t h e r c o n f i r m  t h e c l a s s i f i c a t i o n  o f t h e  c a v i t y
modes  g i v e n  i n  T a b l e  6 . 2 ,  t r a n s v e r s e  i n t e n s i t y  p r o f i l e s  o f  
t h e  t h r e e  m o s t  p o w e r f u l  modes  (A, B and  E) w er e  o b t a i n e d  
by s w e e p i n g  t h e  c e n t r e  o f  e a c h  mode v e r t i c a l l y  p a s t  t h e  
QMC d e t e c t o r .  T h e s e  t h r e e  mode p r o f i l e s  g i v e n  i n  f i g u r e  
6 . 3  a r e  i n d e e d  c o n s i s t e n t  w i t h  E b e i n g  a t e q^ m o d e , B
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being an EH31 mode and A being either an EH_^ mode, an 
E H ^  mode or a combination of the two (see MARCATILI and 
SCHMELTZER, 1964).
In preparation for pumping by high power, high 
pressure C02 laser pulses, the length of the FIR cavity 
was adjusted to coincide with a mode E resonance (a TEq  ^
mode) to allow for the mode coincidence at the different 
CH^F laser frequencies, described earlier. The stability 
of the FIR length is such that no further length 
adjustments were required to keep the mode on resonance.
6.5 K=3 CH3F LASER ACTION
The C02 laser was operated at low pressure and all 
cavity optics adjusted to ensure that the output frequency 
was at the P20 line centre. The laser was first pulsed at 
high pressure with no cavity alterations (i.e. on line 
centre) , then the resonant frequency of the tuning
Fox-Smith interferometer was increased in increments of 
100 MHz (by decreasing its cavity length by X/24) before 
each subsequent laser pulse. The FIR laser output is shown 
in figure 6.4 for the first C02 pulse, which had no
frequency offset, while figures 6.5 and 6.6 show the FIR 
output for frequency offsets of 200 MHz and 400 MHz, 
respectively. These frequency offsets are those of the
tuning Fox-Smith interferometer within the C02 laser and 
are not necessarily the offsets from line centre of the
output laser frequency, since the C02 laser is comprised
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Mode A
Mode B
Radial Distance ( cm.)
Figure 6.3. The radial intensity profiles of the three 
most powerful FIR cavity modes
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of a number of resonant cavities.
These results show that the most powerful FIR laser 
action occurred* at the beginning of each CO2 pulse which 
were all Q switched at 100 torr (corresponding to 
_ 400 MHz FWHM of the gain curve) . If we calculate the 
ratio between the signal output from the Golay cell and 
that from the confocal etalon, at the start of each pulse, 
for the range of tuning interferometer frequency offsets 
used, we see that this ratio initially decreases with 
frequency offset from the line centre value, but then 
increases above the line centre value for sufficiently 
large frequency offsets as shown in figure 6.7. This 
variation is consistent with the expected enhancement in 
FIR laser efficiency caused by changing from K = 2 to 
K = 3 pumping for sufficiently large pump frequency
offsets. When the pump laser frequency is detuned from its 
line centre sufficiently far, we measure an actual 
increase in the FIR laser output power from its value for 
line centre pumping. This constitutes an increase in the 
conversion efficiency of the FIR laser, which may be as 
high as a factor of 6 from the results in figure 6.7, for 
upon frequency detuning from line centre, the value of the 
pump output power must decrease, yet the FIR power 
increases. However, we cannot calculate exactly the value 
of the efficiency increase by changing from K = 2 to K = 3 
pumping, since we do not know accurately the input pumping 
powers at the maximum line absorptions in each case.
GO
LA
Y 
CEL
L
144
<u
(jJ04) ajnssajdoO
O nJ
oo
I
o
Fi
gu
re
 6
.4
. 
FI
R 
la
se
r 
ac
ti
on
 m
on
it
or
ed
 b
y 
th
e 
Go
la
y 
ce
ll
 f
or
 n
o 
tu
ni
ng
 o
ff
se
t 
fr
om
 
th
e 
CC
>2 
li
ne
 c
en
tr
e 
wh
en
 t
he
 F
IR
 c
av
it
y 
le
ng
th
 w
as
 s
et
 f
or
 m
od
e 
co
in
ci
de
nc
e.
G
ol
ay
 
Ce
ll
145
CD
NmXoLD
< N J
+
CCD
LJ
CDC
__J
Nn:Xot_nOJI
(JJ04) ajnssajd
ooCsl
oCD O
Nffi U £ 0 m
Ti
m
e 
( s
)
Fi
gu
re
 6
.5
. 
FI
R 
la
se
r 
ac
ti
on
 m
on
it
or
ed
 b
y 
th
e 
Go
la
y 
ce
ll
 f
or
 a
 +
 2
00
 
of
fs
et
 f
ro
m 
th
e 
CO
2 
li
ne
 c
en
tr
e,
 w
he
n 
th
e 
FI
R 
ca
vi
ty
 l
en
gt
h 
wa
s 
se
t
mo
de
 c
oi
nc
id
en
ce
.
Gol
ay 
Cel
l
146
NKS
oo
QJ
Fi
gu
re
 6
.6
. 
FI
R 
la
se
r 
ac
ti
on
 m
on
it
or
ed
 b
y 
th
e 
Go
la
y 
ce
ll
 f
or
 a
 +
 
4 
of
fs
et
 f
ro
m 
th
e 
CO
2 
li
ne
 c
en
tr
e,
 w
he
n 
th
e 
FI
R 
ca
vi
ty
 l
en
gt
h 
wa
s 
se
t
147
10l
X
2 -
X
0 + 0
X
X
X
— I----------—  I I
100 200 300
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400
Figure 6.7. The ratio of the output signal from the Golay cell 
to the output signal of the confocal etalon, at the beginning 
of the CC>2 laser pulse, versus frequency detuning of the CO2 
laser Fox-Smith interferometer.
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The FIR cavity length was decreased by 100 ym from the 
resonant length of a T E ^  mode for ^K=2 to coincide with 
the resonance of a TEq  ^ mode for XK=2 From the FIR laser 
interferogram in figure 6.2, this new cavity length had no 
resonance with any of the XK=2 cavity modes. This was 
verified by pumping the FIR cavity with the C02 laser 
operating CW at low pressure when only K=2 pumping was 
possible: no FIR laser action occurred.
The C02 laser was re-adjusted at low pressure for line 
centre frequency operation and was again pulsed into the 
FIR cavity. No FIR oscillation resulted when the CC>2 laser 
was operated at line centre, as shown in figure 6.8. FIR 
laser action was recorded when the resonant frequency of 
the CC>2 tuning interferometer was increased by 100 MHz and 
200 MHz, which is shown in figures 6.9 and 6.10 
respectively. This FIR laser action was not due to K=2 
pumping, nor was it due to K=1 pumping since it occurred 
only for positive pump frequency offsets, thus it could be 
due only to K=3 pump absorption transitions. This K=3 FIR 
laser action could be due only to resonant power 
absorption by the CH^F molecules, since the pump power 
(< 10 W) was too weak and the CH^F pressure (20 mtorr) too 
low for the Raman optical pumping. The duration of the FIR 
output was measured with the QMC detector to be greater 
than 10 msec, see figure 6.11.
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This is the first time that quasi-CW FIR laser 
oscillations have been observed in CH_jF from resonant 
pumping by K=3 transitions. Previous reports of such 
action have relied on the very broad band emission from 
high power, sub-microsecond CC^ laser pulses( see BROWN et 
al., 1974 and EVANS et al., 1976).
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Figure 6.11. Two FIR laser pulses monitored by the QMC detector, 
for laser action with the FIR cavity length changed from a
K=2 resonance.
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CHAPTER 7
CONCLUSION
The pump power absorbed by the molecules of an FIR
laser can be increased by tuning the pump frequency to
coincide with the centre frequency of the molecular
absorption transition. The strengths of these absorption
transitions, for a symmetric top molecule, depend on the
values of the K rotational quantum number so that, by
tuning the pump frequency to coincide with a transition
having a different K value, the power absorbed by the
molecules can be further increased. The FIR laser lines
given in Table 7.1 are initiated by AJ = 0 absorption
transitions; of these the efficiencies of the ones which
absorb via parallel vibrational bands can be increased by
2 2up to a factor of K2 /K^ by using an absorption 
transition with K=K2 instead of one which has K=K^ since 
the small signal absorption is proportional to K (eqn 2.9). 
In addition, for an n-fold symmetric molecule, when K 
is a multiple of n (not 0), eg. K=3 for CH^F, there is a
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TABLE 7.1
Gas FIR Wavelength (ym) CC>2 Pump line
CH3C1 236 9R2
CH3C1 271 10P20
c h 3cn 281 9P34
c h 3ci 287 10R34
CH3Br 311 10R12
c h 3ci 334 9P42
CH3Br 352 9P18
c h 3ci 378 9R16
CH3Br 380 10R18
CH3Br 415 10R2
c h3cn 427 9P26
c h 3f 451 9P20
CHa1 459 10P8
CH3C1 461 9R42
c h 3f 496 9P20
CH3C1 512 10R52
c h 3f 541 9P20
CH3Br 545 10P38
CH3Br 632 10P22
CH3Br 661 10R20
CH3Br 749 10R14
c h 3cn 1014 9R14
CH3Br 1310 10R4
CH3CN 1351 9R20
CH3C1 1887 9P26
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degeneracy in the population levels of the molecule which 
causes a further increase in the pump power absorption 
(twice as much, in the case of CH^F).
To make use of these ways of increasing the absorption
of the FIR laser molecules, the pump laser needs to be
frequency tunable over hundreds of MHz and must produce
output intensities which exceed the threshold value for
FIR laser action (which for present cavity configurations
-2is about 2 W cm ) . Taking the experimental FIR wavelength 
conversion efficiency into account, to produce useful 
output powers of over 100 mW requires pump powers in
excess of 20 W.
The present research has taken the design of a high 
power, quasi-CW C02 laser, capable of producing 400 W 
multimode when operated with a gas flow rate of 25 g s-  ^
(McLEARY and GIBBS, 1973), and developed it to produce a
system which, operating on a single CO^ line in a 
fundamental Gaussian mode, has been frequency tuned more
than 200 MHz from line centre, producing output powers in 
excess of 20 W over the whole tuning range ( at a flow
rate of 10 g s ^) . The total output from both ends of the 
cavity is more than twice this power (SHARP and BARKLEY,
1983) . The performance of this CC>2 laser is almost two
orders of magnitude better than the best previous results
for high power, frequency tunable, CW C02 lasers (see IOLI 
et al., 1980) .
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Increasing the present gas flow from about 10 gs 1 to 
about 25 gs 1 would produce considerably higher output 
powers, as shown by McLEARY and GIBBS (1973) with the 
multimode prototype. This would require a much larger
3(1.7 m ) vacuum reservoir than currently available, plus a 
high capacity gas recycling plant, and is therefore not 
being pursued. However, a number of other modifications to 
the laser system which will improve its performance are 
being implemented.
By using 50% reflectivity dielectric coatings to 
increase the finesse of the intracavity etalon to 4.4, 
with a free spectral range of 300 GHz, a loss of 66% will 
be introduced at 50 GHz from the etalon resonant 
frequency, thus providing better C02 laser line 
selectivity. The resulting improvement in the line 
selectivity by this means, will allow the laser frequency 
to be detuned much farther from line centre than the 
present 400 MHz, without causing the C02 line to change.
At present the reflectivity of the beam splitter of 
the tuning Fox-Smith interferometer is polarization 
dependent (28% for uncoated ZnSe and 50% for uncoated Ge) 
which necessitates using a ZnSe plate at the Brewster 
angle, within the cavity. By using a dielectric coating on 
a ZnSe substrate designed to give at least 50% 
reflectivity for both planes of polarization, the Brewster 
plate could be dispensed with, thus decreasing the loss 
within the cavity without deteriorating the performance of
158
the tuning interferometer.
The duration of the laser pulse can be increased, and 
higher pressure operation obtained, by increasing the 
available power supply voltage with a higher voltage 
transformer. This will then allow the laser cavity to be 
Q-switched at higher pressures, where the laser gain is 
smaller (and less likely to cause mode changes) and the
tuning range is broader.
The further development of this system to produce CW 
output powers of several watts over a tuning range of at 
least + 500 MHz would allow the improvement of any
operation already performed by a low power, waveguide C02 
laser (CIDDOR, 1983). The use of such a high power, 
tunable source would allow better measurement of the 
altitude profiles of the concentrations of air pollutants 
and atmospheric constituents such as ozone, by means of 
laser absorption spectrometry (MENZIES and CHAHINE, 1974). 
Further, such a laser would have application in metrology, 
particularly for accurate measurements of long lengths 
(BIEN et al., 1981) .
When the C02 laser described in this thesis was used 
to pump a CH^F FIR laser, quasi-CW FIR laser action, from 
resonant absorption of the pump power via ^Q(12,3)
transitions, was observed for the first time. These 
^Q(12,3) transitions are 170 MHz from the C02 pump line
centre frequency and 130 MHz from the ^Q(12,2) absorption 
transitions which are normally used to produce 496 ym
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laser action in CH^F. Due to experimental uncertainty, an 
accurate comparison of the operating efficiencies of the 
two types of FIR laser action (produced by the two 
different absorption transitions) was not possible, but 
the results presented in this thesis do show an 
improvement in the FIR laser performance by using ^Q(12,3) 
transitions as is theoretically predicted.
A consequence of having laser action at different 
values of K is the ability to measure more accurately the 
D molecular rotational constant. From eqn (6.2), theJ I\
difference frequency between two FIR lines with the same J 
value is determined by the constant DJK and the two values 
of K. This frequency separation can be measured accurately 
by adjusting the FIR cavity length (of either a waveguide 
or a Fabry-Perot cavity) so that at each FIR laser 
frequency there is a resonance of the same type of cavity 
mode; the free spectral range of the cavity is then equal 
to the frequency difference between the two laser lines. 
The accuracy to which the difference frequency (and hence 
D ) can be measured is that of the cavity length 
measurement combined with that of determining the point of 
mode coincidence, all of which could be done easily to 
< 1%, which is far better than the present uncertainty of 
> 10%.
The pump power absorbed by FIR laser molecules 
(particularly those given in Table 7.1) can be increased 
quite significantly using a CO2 laser as described in this
160
thesis and, along with careful optimization of the FIR 
cavity, the use of a buffer gas within the cavity and 
cooling the FIR molecules, this will enable the
efficiencies of optically pumped FIR lasers to be
increased to their theoretically maximum value, thus 
allowing the construction of much higher power FIR
coherent radiation sources in the future.
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APPENDIX A
CALCULATION OF POWER ABSORBED BY A SATURATED 
MOLECULAR TRANSITION
Volume V Absorption x
Length Lf Losses l ^
Area A
Po
Figure A.l. The FIR Cavity
We consider the FIR cavity as in figure A.l, with 
volume V, input pump power PQ , molecular absorption on 
desired transition a and all the other pump losses of the 
cavity per unit length Z , In this model, Z will be 
considered constant, which assumes no extra saturable 
transitions as losses. The calculation will be examined
later for the case of Z not constant.
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From eqn (2.7) , the absorbed power is given by
abs a+ft
and is dependent on the saturated absorption coefficient 
a , given in eqn (2.8) ,
- 1/2
a = aQ (l + Ip/Is)
(In this equation and all subsequent ones, we consider 
v « vQ , i.e. at line centre, and so drop the w 
dependence). I is the circulating pump intensity within 
the cavity - there are two travelling waves I + and
I inside the cavity and we assume IP P xp = V 2
All that remains is to find a relationship between PG
and Ip , but this requires introducing the photon density 
<|) of the cavity.
The rate of change of the photon density is given by
d(j>
dtt t  = - accj) - itc 4> + S
where S is a source term and is given by
s . !o 1hv V
dd)In steady state, and we obtain
(£ + a)
+But 1/2 <J)chv
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so IP
Po
V
1
(&+ ot ) (A.l)
Putting PV K ', then
JN X T  i / 2
d + v v  -i
1/2
K ' t1 + W
[ia + V 1.)172 + “o 1
Let I /I P s a and K = K*/I
then K (1 + o  )
1/2
U(1 + o ) 1 / 2 + aQ]
and aa + do(1 +a)1/2 = K(1 + a)1/2o
so Ua - K)2 (a + 1) - aQ2G2 = 0
The cubic equation in a given by (A.2) can be solved
exactly by expressions given in ABRAMOWITZ and STEGUN
(1970). So we can solve (A.2) for o in terms of & , K
and a i.e. A , a , I , P and V; this will give the
s o
steady state value of Ip and from (2.8) we can obtain
a and then Paj3S from eqn (2.7) .
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The solution of (A.2) will give three roots for 
of which only one is applicable. Let
y U o  - K) 2 (o + l)
y
Figure A.2. Graphs to solve (eX - k) (X+l) - a = 0.o
If we consider figure A.2, curve (a) is 
y = ( £a -K) 2( er + l) and curve (b) is y = otQ2 . We see 
that curve (a) has two roots at a = -1 and a = K/£ and 
curve (b) has only one root at o = 0. The dashed curve 
(c) is y = ( £a -K)  ^ (a + 1) - and this curve has
three roots: one, , is always negative and is such
that -1 £ o < 0, one,Ö2 / is positive and small with
0 < a2 — K/^ and the last, a3 , is positive and large 
with K/£ <_ Qg < 00 . Since I must be positive, o^ has
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no physical significance. We can see from (A.l) that 
ö = k/£ corresponds to a cavity pump intensity with only 
cavity losses present, thus a2 < K/£ corresponds to
molecular absorption, i.e. aQ > 0 and a3 > K/£
corresponds to molecular emission, i.e. aQ < 0 . Hence 
o2 is the solution of (A.2) which is applicable to 
molecular absorption, so we require 0 < a < K/£
In the above calculation, the intracavity losses z 
were assumed constant (depending only on mirror and wall 
reflection and absorption losses). These fixed losses, 
£ 1 say, can be determined experimentally by measuring the 
decrease in transmitted power of the pump beam through the 
cavity, with no molecules present. Should £ include 
other absorption transitions (i.e. £ > £' ) , then
equation (2.7) is valid if its loss term, £ , corresponds 
to the cavity saturated losses, i.e. at steady state.
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APPENDIX B
The use of intracavity absorption cells for laser line 
selection or mode locked operation is quite a common 
technique. The choice of the absorber gas requires a
detailed knowledge of the absorption spectrum of the gas,
in particular, at all possible laser output frequencies.
As a C02 laser is capable of operating on more than 
100 different transitions, laser line selection can be 
greatly simplified by the use of an intra.cavity absorption 
cell. To assist in the selection of appropriate gas 
absorbers, the infrared absorption data of a number of
gases is presented here.
Table B.l lists the index of the 23 gases
investigated, while Table B.2 indicates whether the 
absorption of each of the gases is weak, medium or strong 
in the four C02 laser bands (i.e. the R and P at 9.6 pm 
and the R and P at 10.6 pm) and cites appropriate source 
and infrared spectrum references.
167
Table B.1 
Index of Gases
1. C6H6 / Benzene
2. bci3 t Boron trichloride
3. * C6H5Br ! Bromo-benzene
4. CB F0 r 3 1 Bromo-trifluoro-methane
5. C.H.-C1 6 5 f Chloro-benzene
6. chcif2 t Chloro-difluoro-methane
7. C2C1F5 ! Chloro-pentafluoro-ethane
8. CC1F, ! Chloro-trifluoro-methane
9. c c i2f 2 r Dichloro-difluoro-methane
10. CHC12F / Dichloro-fluoro-methane
11. c h2c i2 t Dichloro-methane
12. c 2h5oh / Ethanol
13. C2H4 r Ethene
14. C2H5C1 t Ethyl chloride
15. C2H3C1 r Ethylene chloride
16. c c i3f r Fluoro-trichloro-methane
17. c f3i r Iodo-trifluoro-methane
18. C H j O H / Methanol
19. CHjCl r Methyl chloride
NJ O • C2F6 r Perfluoro ethane
21. C3«6 r Propene
22. CHjCCH r Propyne
23. SF6 t Sulphur hexafluoride
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
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TABLE B.2
Absorption in 
R9 P9
4 C02 
RIO
bands
P10
Source
Reference
Infrared Spectrum 
Reference
W S W W 1,8 13,21,22,23
W W M S 7,8,11 11
S S M W 8 14
S M W W 1,5 15
S M W W 8 14
S W W W 1,3 16
W W M W 1/2,3 17
S W W M 3 16
S W W S 1,2,3,8 18,21,22,23
S M W W 1 16
W W W S 9 16
S S W W 6,9 13
W M S S 8 13,20,21
W M S S 9 13,21
W M M S 7,8,9,12 13,21,22,23
S W M S 1/4 16,21
S M W W 5 15
M S M W 1,8,9,12 13,24
M S M W 9,12 13
S M W W 3 17
W M s S 1 13
W W w M 9,12 13
W W M S 1/2,3,5,7,8, 10 19,25
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APPENDIX C
SECTION 1
Operation of Fox-Smith Interferometer
Consider a Fox-Smith interferometer as shown below.
where L.^ , and are the lengths of the three arms of
the interferometer, P^,P2 and are the amplitude
reflection coefficients of the various mirrors and and
t2 are the amplitude reflection coefficient and
transmission coefficient of the beam splitter (ideally 
2 f 2
1) .
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If an electric field of amplitude Eq impinges on the
beam splitter as shown, the amplitude of the electric 
field returning back along L., , is given by
E = Eq t P^'3. exp i ( 4tt L2/ X + 7T )
.{1 + p 2 ^  p3 p4 exP [ i 4 it (L 2 + L3)/A] + 
p24p32p4Z exp [ i8 7T (L2 + L3)A] + •••}
2E t p exp i(4TTL0/ X + tt )
= o-----£----------------  (C.l)
{1 - p22p3p4 exp [i4tt (L2+L3) /X] }
In order to understand more easily the effect of the
Fox-Smith interferometer, consider the mirrors M3 and 
and the beamsplitter as a complex mirror and let
E = Eq P exp i0 (C.2)
where P is the reflection coefficient for the electric 
field and 0 is any phase change induced by the
reflection. If this complex mirror were simply a fully 
reflecting mirror, we would have P=1 and 0 = tt , but
instead from eqn (C.l) we have
P exp i e  = T22p3 exP M 4 ttL2/A + if ) _  _
(C . 3)
{1- p22p3p4 exp[i47T (L2+L3)/X] }
If we put p3 = P4 = 1, from eqn. (C.3) we obtain
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P
(1 - 2 p /  Co s 4tt(L2 + L^/X + P24)1/2
and 0 f= 4ttL2/A + 7T (C . 4)
arcsin
(1 - 2P22 Co s 4 tt(L2 + L3)/A -+ p24)1^
We can then see from eqn (C.4) that when (L2 + ) is a
multiple of A/2, P=1 and 0 = 4ttL2/A + i t , i.e. the complex
mirror reflects completely the electric field Eq and 
merely introduces a phase change. Thus in theory, the 
Fox-Smith interferometer should be lossless for plane 
waves within the cavity when (L2 + is a multiple of
A/2 and this then enables the selection of particular 
laser cavity modes which also have (L^ a multiple of 
A/2.
Corrections Due to Gaussian Cavity Modes
Section 1 considered the operation of a Fox-Smith 
interferometer for plane waves and in this case from 
eqn. (C.l) we obtain the output field amplitude (i.e. not
SECTION 2
back along of
E
Eq p2 {1 - exp[ i4 tt (L2 + L3)/A] }
(C.5)
U  - p22 exp [ i4 7T (L2+L3) / A] }
2where P ^ = p ^ = 1. If we let P2 = R 2tt/A = k and
2(L2 + ) = A, then we obtain
E R1//2 (1 - exp ikA)
E = - 2 __________ _ _ _ _ _ _ _
out (1 - R exp ikA)
and so Eout can 9° to zero for (L2 + t.3) = n\A/2, where m 
is any integer.
If we now consider a Gaussian cavity mode, its field 
amplitude is described by
Eo = A wo/w(Z) exp[-r2/w2 (Z)] (C.6)
,exp{i[kZ - arctan (AZ/ttwo2) + kr2/2R(Z)]}
The parameters of eqn (C.6) can be understood more easily 
with the following diagram.
PHASE»/ FRONT '
where r is the radial distance from the mode's axis, Z is
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the distance of the phase front from the Gaussian beam 
waist, w^ is the amplitude half-width at this waist, R is 
the radius of curvature of the plasma front and w is the 
amplitude's half-width at a distance Z. The parameters w 
and R vary with Z as
w2 (Z) = WQ 2 [1 + (Z/b)2]
and (C.7)
R(Z) = Z [1 + (b/Z)2]
2where b = ttwq / A
Now let be at a distance Z + nA from the beam waist,
then
En = A Wo/wn exPt"r2/wn2] (C.8)
,exp{i[k(Z + nA) - arctan(Z + nA)/b + kr2/2Rn] }
where wn2 = (w /b)2 [b2 + (Z + nA)2] 
and Rn = [ (Z + nA) 2 + b2]/(Z + nA)
By dividing (C.8) by (C.6) we obtain
En/E0 = w/wn exp[-r2/wn2 + r2/w2] (C.9)
.exp{i[knA -arctan(Z + nA)/b + arctanZ/b 
+ (Rn_1 - R_1)kr2/2]}
We shall consider the factors of the r.h.s. of eqn (C.9)
separately.
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w/wp = [b2 + Z2]1/2 / [b2 + (Z + nA)2]1/2
= (1 + a)"1/2 (C.10)
where- a = nA(2Z + nA)/(b2 + Z2)
2, 2 ,  2 , 2  2 / 2 , ,  2 / 2 ,-r /w + r /w = r /w (1 - w /w )' n n
= r2/w2 [1 - 1/(1 + a )] (C.11)
-arctan(Z + nA)/b + arctan Z/b
-arctan[bnA/(b^ + Z2 + nAZ)] (C.12)
(R 1 - R 1) kr 2/2 r2/w2b (nA - aZ)/(l + a)
r b nA(b -Z(.Z+nA)
T  2 . „2 2 --- — — ---- (C. 13)(a) (b +Z ) o (1+a)
We shall assume A << b, which is normally true for small 
wavelengths.
n2AZthen a « 2 2 (bZ+ZZ)
(C.14)
- arctan bnA -nbA
b +Z(Z+nA) (b2+Z2)
(C.15)
for moderate values of n (the validity of this assumption 
will be discussed later).
2
and — b nA(b2-Z(Z+nA)) « r 2 nA (b2-Z2)2 /I 2 , „2v 2a) (b +Z ) o (1+a) 2 b (b2+Z2)
(C.16)
We also have 
1
1+a
, 2nAZ /n ,1 - — Ö—  9 = (l-y )(b2+z2) n
(C. 17)
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Now
(l+a)1/2
PS
n
(1-x) (C.1 8 )
where x AZ
(b2+Z2)
By assuming A << b and the value of n is not large, we 
can re-write (C.9) as
E /E n' o (l-x)n exp ^  exp w
-  2 -r (1-y )exp inAijj
where (C.19)
k “ (b2+Z2)
2 i ,u2 .2.r 1 (b -Z )
w2 b (b2+Z2)
Using the same technique as outlined in section C.l, we 
can write the electric field E coupled out of the 
Fox-Smith cavity as
E p~E 2 o P2 t2 E1
P2Eo (1 " T0 E../E -2 1 o P2 T 2 E2//Eo p24x22Ee/Eo-'-)
(C.20)
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Since each term En/E0 is multiplied by p2^ n ^  the
significant terms En/EQ will have n small (the smaller the 
P2~ the smaller the n values) , hence we can assume the 
values of n to be moderate. For small values of n, the 
terms (1-y^) , (l-y2) , , (l-yn) will not vary by much
and so it will be assumed that
(1 - yn) ~ (1 - yx) for small n (C.21)
Now incorporating eqn (C.19) into eqn (C.20) and using the 
approximation of eqn (C.21), we obtain
p2Eo
(1-x ) exp —  y^ exp ±Axp -
1  -
(1 - p2 (1-x) exp iA\p)
2 2letting p^  = R and t 2 = (1-R)
R^//^ Eq [ 1 - X  exp iAip]
with
[1 - Y exp i Aip ]
z
(1-x) [R + (1-R) exp ^2 y1 ]
and (1-x) R
Multiplying the numerator and denominator by
c
1/2
2 7exp(-r '/w y^) finally gives
E
Eo (A - B exp iA^ ) 
(A - C exp iAip )
(C.22)
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w it h A = e x p ( -  y 1 t 2 /«-2 )
B = 1
i—1ii—1 ■R) + RA ]
C = ( 1 - x )  RA
The t o t a l  o u t p u t  power  m e a s u r e d  i s  g i v e n  by  ( s e e  
MONCHALIN, e t  a l . ,  1981)
I 2nr  dr
E E 2 u r  dr
U s i n g  eqn  ( C . 2 2 )  w i t h  eqn  ( C . 6 ) ,  we c a n  w r i t e
~  TTW2 o
'o
- y  R (A2+B2 -  2 AB cosAip) , 
(A +C -  2AC c o s AiJj )
w here y 2 = O 2 /  22r /w
( C. 2 3 )
T h i s  i n t e g r a l  o f  t h i s  e q u a t i o n  f o r  P was t h e n  i n t e g r a t e d
181
numerically using a Gaussian-Laguerre quadrature routine 
for the parameters of the tuning Fox-Smith interferometer 
(R=0.28, A = 0.24 m and Z = 0.0 m) , and the parameters of 
this output coupling Fox-Smith interferometer (R = 0.08, 
A = 0.4 m and Z = 2.4 m) and these calculated values are 
plotted in figure C.l at minimum output coupling.
Figure C.l
R=0-28
RrO-08
-002 -001 0 001 i
Cavity Length Change (A/2)
From this figure, for the same laser flux impinging on 
each interferometer, we would expect the minimum output 
power from the tuning interferometer to be about twice the 
minimum power from the coupling interferometer (which is 
basically what is measured experimentally) .
APPENDIX D
Equations of Sonic Flow of Gas Mixture
From COURANT and FRIEDRICHS (1948) , the equations
which relate the values of the density, pressure and sound
speed of a gas al: a point of sonic flow to the stagnation
point values are
e* (1
, 1/(Y-1>
- »n ps (D.l)
p * = (1
, Y/(Y-1>
- y ) ps (D.2)
and c2* = (1 - u2) c 2S (D.3)
(* refers to the sonic flow values and s refers to
stagnation point values) where y is the adiabatic
exponent (P z= ApY ) and y2 = ( Y-1)/(Y+1) . From these three
equations, we can obtain an expression for the gas mass
flow rate necessary for sonic flow,
~ sonic = (l-p2)l/2y (yM/RTs) 1/2 (D.4)
where A* is the area of the orifice at sonic flow, M is
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the molecular weight of the gas, is the stagnation
point temperature, and R is the gas constant.
If we now consider a mixture of three gases which have 
a volume ratio of x:y:z (such that x+y+z = 1), then we can 
wr i te
Mmix “ <XM1 + *M2 + zM 3) <D -5)
To obtain Y for the mixture, we use the fact that
Y = 1 + R /M Cv (D.6)
where Cv is the volume specific heat per unit mass
Cvmix = <xMlCvl +yM2Cv2 +zM3Cv3)/Mmix <D -7>
Thus
W  - 1 + R /Mmix Cvraix <D -8>
Hence if we know the stagnation pressure and temperature 
as well as the molecular weights and specific heats of the 
individual gases, then we can calculate using eqns (D.4), 
(D.5) and (D.8) the mass flow rate of a mixture of these 
gases necessary for sonic flow through an orifice of known 
area .
A table of the values of specific heats and molecular 
weights for He, N2, and CC>2 at STP is given below.
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Gas M (Kg imol 3) Cv (J Kg 1 K 1)
He 4.003 xlO-3 3157
N 2 2.802 xl0~2 741
c o2 4.401 xlO"2 640
For a CO:):N2 :He mixture of 1:1:10 by volume (as used 
during high pressure operation), we can calculate using 
eqns (D.5) and (D.8) that
Mmiv = 9 -34 9 mol-1
and 1.57 D . 9
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APPENDIX E
TWO PRESSURE DEPENDENT LASER CAVITY EFFECTS
1. Angular Deviation of a Transmitted Laser Beam 
Through a Brewster Window
When a Brewster window of refractive index n2 
separates two mediums with refractive indices and a
transmitted laser beam through the window will change its 
direction by an angle S , with (BARKLEY, 1982)
|6| = n2 I (n1 - n3) 1/ n ^  (E.l)
When one medium (3 say) is a gas, its refractive index can 
be approximated by
n^ = 1 + a^P/T
(E.2)
where varies with wavelength. Using eqn (E.2) and
eqn (E.l), one can determine the angular shift of a laser 
beam through a Brewster window when the pressure of the
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gaseous medium 3 increases from 0 to p torr. Since the 
normal configuration for two Brewster windows, which 
minimises the lateral step of a beam through both windows, 
will make the total angular deviation twice that for each 
window, the nett change in direction of such a laser beam 
for a pressure change of p torr is
A w 2n2 p/T (E.3)
From SIMMONS (1978) and WEAST and ASTLE (1979), for 
= 10.6 pm we obtain these values of
Gas
C02 1.72
-4 -1xlO torr K
-4 -1
«2 1.14 xlO torr K
-4 -1He 0.14 xlO torr K
for a gas mixture of 1:1:10 of C09 :N :He
600 K which suffers a pressure rise of 200 torr, from 
eqn (E.3) the angular change through two ZnSe Brewster 
windows is
0.06 mradians < A < 0.09 mradian (E . 4 )
This angle, although small, is still about 1/15 the beam 
divergence for the fundamental cavity mode and was 
considered unacceptable in a cavity with so many
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interferometers. For this reason, the discharge vacuum 
windows are not at the Brewster angle but are 
perpendicular to the cavity axis, each being AR/AR coated 
at 9.6 ym.
2. Variation in Optical Length of the Laser Cavity
If the refractive index of the discharge regions 
varies with pressure, then so to will the optical length 
of the laser cavity. The optical length is n ds over the
cavity length and since only n3 changes (using the 
previous notation of Part 1), the change in optical length 
AL is
where Lvac is the length of the vacuum region and A n^ is 
the change in n^. Using eqn (E.2), when the pressure 
changes from 0 to p torr eqn (E.5) becomes
As L is 1.4 m, for p of 200 torr and T between 400 KV a C
and 600 K we obtain
AL (E.5)
At = aX Lvac P/T (E.6)
16 ym < Af < 25 ym (E.7)
Thus increasing the discharge pressure by 200 torr, 
effectively increases the laser cavity length by between 
1.5 and 2.5 wavelengths.
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